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Neutrino Oscillations Primer

|νi〉 = Uαi|να〉

Requires nonzero neutrino masses and mixing =⇒ Physics beyond the Standard Model
2



Oscillation Parameters: Current Status

[Snowmass NF01 Topical Group Report, 2212.00809]
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https://arxiv.org/abs/2212.00809


Future Prospects and Wish-List

[Snowmass NF01 Topical Group Report, 2212.00809]

What else do we want to learn about neutrinos?

How do they get mass? Dirac or Majorana (or something else)?

Do they have more than 3 species? Must be ‘sterile’! [LEP, hep-ex/0509008 (Phys. Rep.)]

Do they have nonstandard interactions with matter or with themselves?

Is the low-energy δCP related to baryogenesis?

Any connection to dark matter?

High-energy colliders can help us address some of these questions.
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Seeing the ‘Invisible’ at LHC

[FASER Collaboration, 2303.14185 (PRL ’23)]
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https://arxiv.org/abs/2303.14185


Seeing the ‘Invisible’ at LHC

[FASER Collaboration, 2303.14185 (PRL ’23)]
5

https://arxiv.org/abs/2303.14185


Cross Section Measurements

[FASER Collaboration, 2403.12520 (PRL ’24)]

VERY important for validating neutrino-nucleus cross section models at different energies.
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https://arxiv.org/abs/2403.12520


Rare SM Processes

[Altmannshofer, Makela, Sarkar, Trojanowski, Xie, Zhou, 2406.16803;

see also Bigaran, BD, Lopez Gutierrez, Machado, 2406.20067]
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https://arxiv.org/abs/2406.16803
https://arxiv.org/abs/2406.20067
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Probing Neutrino Mass Mechanism
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Perhaps something beyond the standard Higgs mechanism...

Can we probe the origin of neutrino mass at colliders?

New fermions, gauge bosons, and/or scalars – messengers of neutrino mass.

Rich phenomenology, both at hadron and lepton colliders, for messenger scale
. O(few TeV). [Deppisch, BD, Pilaftsis, 1502.06541; Cai, Han, Li, Ruiz, 1711.02180]

Complementarity with low-energy lepton number/flavor violation searches.

Possible connections to other sectors (e.g. NSI and oscillation physics, anomalies,
baryogenesis, dark matter).
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https://arxiv.org/abs/1502.06541
https://arxiv.org/abs/1711.02180
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SM-singlet Fermions

(aka sterile neutrinos/heavy neutrinos/heavy neutral leptons/right-handed neutrinos)

Snowmass Whitepaper, 2203.08039 Figure from Symmetry Magazine

9

https://arxiv.org/abs/2203.08039


Motivated from Type-I Seesaw
[Minkowski (PLB ’77); Mohapatra, Senjanović (PRL ’80); Yanagida ’79; Gell-Mann, Ramond, Slansky ’79; Glashow ’80]

SM-singlet Majorana fermions (N ):
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Figure 1: Sketch of the landscape of sterile neutrino extensions of the
SM. EW scale neutrino models with a protective “lepton number”-
like symmetry, such as the used SPSS benchmark model [3], can have
sterile neutrino masses in the relevant range for particle collider ex-
periments, shown by the green area, with Yukawa couplings above the
näıve expectation, which is denoted by the blue lines.

well as updated sensitivity estimates. We summarize the es-
timated sensitivites for the FCC-ee, CEPC, HL-LHC, FCC-
hh/SppC, LHeC and FCC-eh and compare them for the
di↵erent collider types.

For the sensitivity estimates we consider low scale seesaw
scenarios with a protective “lepton number”-like symmetry,
using the Symmetry Protected Seesaw Scenario (SPSS) as
benchmark model (cf. section 2.1), where the masses of the
sterile states can be around the electroweak scale (cf. fig. 1).

2 Theoretical framework

Mass terms for SM neutrino masses can be introduced when
right-handed (i.e. sterile) neutrinos are added to the field
content of the SM. These sterile neutrinos are singlets under
the gauge symmetries of the SM, which means they can
have a direct (so-called Majorana) mass term, that involves
exclusively the sterile neutrinos, as well as Yukawa couplings
to the three active (SM) neutrinos contained in the SU(2)L-
lepton doublets and the Higgs doublet.

In the simplistic case of only one active and one sterile
neutrino, with a large mass M and a Yukawa coupling y
such that M � y⌫ vEW, where vEW denotes the vacuum ex-
pectation value (vev) of the neutral component of the Higgs
SU(2)L-doublet, the mass of the light neutrino m is given
by m ⇡ y2

⌫ v2
EW/M , while the heavy state has a mass ⇠ M .

The prospects for observing such a sterile neutrino at col-
liders are not very promising, since in order to explain the
small mass of the light neutrinos (below, say, 0.2 eV), the
mass of the heavy state would either have to be of the order
of the Grand Unification (GUT) scale, for a Yukawa cou-
pling of O(1), or the Yukawa coupling would have to be tiny
and the active-sterile mixing would be highly suppressed.

However, in the realistic case of three active neutrinos

and two1 or more sterile neutrinos, the simple relation from
above no longer holds and the possible values of the masses
of the sterile neutrinos and the Yukawa couplings have to
be reconsidered. In particular, if the theory comprises for
instance an approximate “lepton number”-like symmetry or
a suitable discrete symmetry, one finds that sterile neutrinos
with masses around the electroweak (EW) scale and unsup-
pressed (up to O(1)) Yukawa couplings are theoretically al-
lowed, and due to the protective “lepton number”-like sym-
metry the scenario is stable under radiative corrections.

This scenario has the attractive features that the new
physics scale lies not (much) above the EW scale – which
avoids an explicit hierarchy problem – and that no unmoti-
vated tiny couplings have to be introduced. Various models
of this type are known in the literature (see e.g. [4–9]). One
example is the so-called “inverse seesaw” [4,5], where the re-
lation between the masses of the light and sterile neutrinos
are schematically given by m ⇡ ✏ y2

⌫v
2
EW/M2, where ✏ is a

small quantity that parametrizes the breaking of the pro-
tective symmetry. As ✏ controls the magnitude of the light
neutrino masses, the coupling y⌫ can in principle be large
for any given M .

2.1 Sterile neutrinos with EW scale masses

The relevant features of seesaw models with such a protec-
tive “lepton number”-like symmetry were for instance dis-
cussed in refs. [4–9]), and may be represented by the bench-
mark model that was introduced in [3], referred to as the
Symmetry Protected Seesaw Scenario (SPSS) in the follow-
ing. The Lagrangian density of the SPSS, considering a pair
of sterile neutrinos N1

R and N2
R, is given in the symmetric

limit (✏ = 0) by

L = LSM � N1
RMN2 c

R � y⌫↵
N1

R
e�† L↵ + H.c. + . . . , (1)

where LSM contains the usual SM field content and with L↵,
(↵ = e, µ, ⌧), and � being the lepton and Higgs doublets, re-
spectively. The dots indicate possible terms for additional
sterile neutrinos, which we explicitly allow for provided that
their mixings with the other neutrinos are negligible, or that
their masses are very large, such that their e↵ects are irrel-
evant for collider searches. The y⌫↵

are the complex-valued
neutrino Yukawa couplings, and the mass M can be chosen
real without loss of generality.

As explained above, masses for the light neutrinos are gen-
erated when the protective symmetry gets broken. In this
rather general framework, the neutrino Yukawa couplings
y⌫↵ and the sterile neutrino mass scale M are essentially
free parameters, and M can well be around the EW scale.2

1With two mass di↵erences observed in oscillations of the light neu-
trinos, at least two sterile neutrinos are required to give mass to at least
two of the active neutrinos.

2In specific models there are correlations among the y⌫↵ . The strat-
egy of the SPSS is to study how to measure the y⌫↵ independently, in
order to test (not a priori assume) such correlations.

2

[Antusch, Cazzato, Fischer, 1612.02728]

Each Ni corresponds to mνi 6= 0. Need at least 2 (3 is better).

Naturalness of Higgs mass suggests MN . 107 GeV. [Vissani (hep-ph/9709409); Farina, Pappadopulo,

Strumia (1303.7244); Clarke, Foot, Volkas (1502.01352); Bambhaniya, BD, Goswami, Khan, Rodejohann (1611.03827)]
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Summary of Current Constraints on Sterile Neutrinos
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Bolton, Deppisch, BD, 1912.03058 (JHEP ’20); see http://sterile-neutrino.org for regular updates and public code

11

https://arxiv.org/abs/1912.03058
http://sterile-neutrino.org


Future Prospects
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Neutrinoless Double Beta Decay
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Future Prospects at CEPC
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CEPC BSM White Paper, in preparation

see previous talk by M. Drewes 14



New Gauge Bosons

(W ′, Z′)

15



U(1)X at Future Colliders

[Das, BD, Hosotani, Mandal, 2104.10902 (PRD ’22)]
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https://arxiv.org/abs/2104.10902


U(1)X at Future Colliders

[Das, BD, Hosotani, Mandal, 2104.10902 (PRD ’22)]
16

https://arxiv.org/abs/2104.10902


U(1)Lα−Lβ at Future Colliders

[Dasgupta, BD, Han, Padhan, Wang, Xie, 2308.12804 (JHEP ’23)]
17

https://arxiv.org/abs/2308.12804


SU(2)L × SU(2)R × U(1)B−L

Parity restoration at high scale. [Mohapatra, Pati (PRD ’75); Senjanovic, Mohapatra (PRD ’75)]

A natural UV-completion of seesaw. [Mohapatra, Senjanovic (PRD ’81)]

New contributions to collider signals. [Keung, Senjanovic (PRL ’83); Chen, BD, Mohapatra, 1306.2342 (PRD ’13)]
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.

discovering the RH gauge boson WR in connection with
the RH neutrino N is the so called Keung-Senjanović
(KS) process [16], pp ! WR ! `N ! ``jj. The con-
straints from direct searches [37, 38], from flavour chang-
ing processes [11, 14] and model perturbativity [12] point
to a scale of the new RH interaction which is now at the
fringe of the LHC reach, so the residual kinematically
accessible range will be probed in the next year of two.

In this work we reconsidered this process and addressed
the regime of light N (mN . 100 GeV) which leads [30]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classified the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) a standard region where the final state
is ``jj, with half of the cases featuring same-sign lep-

tons, testifying the lepton number violation. 2) a merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton, resulting in a lepton and
a so called neutrino jet `jN . 3) a displaced region, for
mN ⇠ 10 � 100 GeV, in which the merged jet jN is
originated from the N decay at some appreciable dis-
placement from the primary vertex, typically from mm
to 30 cm where the silicon tracking ends and detection
of displaced tracks becomes unfeasible. 4) an invisible
region, for mN . 40 GeV, in which N can decay outside
the tracking chambers of even the full detector, leading
thus to a signature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning
the mN , MWR

parameter space, up to O(10) TeV. For
WR masses beyond ⇠ 5 TeV the process is dominated by
the off-shell W ⇤

R production, and we noted that, by this
mechanism, for mN . 500 GeV the final cross section

[Nemevsek, Nesti, Popara, 1801.05813 (PRD ’18)]
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In this work we reconsidered this process and addressed
the regime of light N (mN . 100 GeV) which leads [30]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classified the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) a standard region where the final state
is ``jj, with half of the cases featuring same-sign lep-

tons, testifying the lepton number violation. 2) a merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton, resulting in a lepton and
a so called neutrino jet `jN . 3) a displaced region, for
mN ⇠ 10 � 100 GeV, in which the merged jet jN is
originated from the N decay at some appreciable dis-
placement from the primary vertex, typically from mm
to 30 cm where the silicon tracking ends and detection
of displaced tracks becomes unfeasible. 4) an invisible
region, for mN . 40 GeV, in which N can decay outside
the tracking chambers of even the full detector, leading
thus to a signature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning
the mN , MWR

parameter space, up to O(10) TeV. For
WR masses beyond ⇠ 5 TeV the process is dominated by
the off-shell W ⇤

R production, and we noted that, by this
mechanism, for mN . 500 GeV the final cross section

[Nemevsek, Nesti, Popara, 1801.05813 (PRD ’18)]
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[BD, Mohapatra, Zhang, 1904.04787 (JHEP ’19)]

Lower bound on MWR & 15 TeV from leptogenesis.
[Frere, Hambye, Vertongen (0806.0841); BD, Lee, Mohapatra (1503.04970)]

FCC-hh will provide a direct collider test of thermal leptogenesis in LRSM.
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New Scalars

20



Minimal Left-Right Higgs Sector

φ(2,2, 0) =
(

φ0
1 φ+

2
φ−1 φ0

2

)
, δR(1,3, 2) =

(
δ+

R√
2 δ++

R

δ0
R − δ+

R√
2

)

〈δ0
R〉 ≡ vR gives rise to RH Majorana neutrino masses =⇒ type-I seesaw.

8 (14 if δL included) physical Higgs bosons: Rich phenomenology.
[Gunion, Grifols, Mendez, Kayser, Olness (PRD ’89); Chao, Luo, Xing, Zhou (PRD ’08); Fileviez Perez, Han, Huang, Li, Wang

(PRD ’08); Kanemura, Yagyu, Yokoya (PLB ’13); Bambhaniya, Chakrabortty, Gluza, Kordiaczyńska, Szafron (JHEP ’14); BD,

Mohapatra, Zhang (JHEP ’16); Babu, Jana (PRD ’17); BD, Ramsey-Musolf, Zhang (PRD ’18); BD, Zhang (JHEP ’18); ...]

But FCNC constraints require the bidoublet scalars (H0
1 , A0

1, H±1 ) to be very heavy & 15
TeV. [An, Ji, Mohapatra, Zhang (NPB ’08); Bertolini, Maiezza, Nesti (PRD ’14; PRD ’20)] Need FCC-hh.

Doubly-charged scalars (H±±) constrained to be & 900 (700) GeV from prompt
(displaced) multilepton searches. [ATLAS, 2211.07505 (EPJC ’23)]

Neutral component (H0
3 ) is hadrophobic and can be much lighter!

Can even be a dark matter candidate (albeit highly fine-tuned).
[Nemevsek, Senjanovic, Zhang, 1205.0844 (JCAP ’12)]
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Doubly-charged Scalar from SU(2)R Triplet

Implications for HSCP searches at LHC.

Can explain the ATLAS dE/dx excess!
Akhmedov, BD, Jana, Mohapatra, 2401.15145 (PLB ’24);

see also Giudice, McCullough, Teresi, 2205.04473 (JHEP ’22)

Catalyzed nuclear fusion to solve energy problem. [Akhmedov, 2109.13960 (PRD ’21)]
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Neutral Scalar from SU(2)R Triplet

Hadrophobic and allowed to be light (down to sub-GeV scale) by current constraints.

Suppressed couplings to SM particles (either loop-level or small mixing).

Necessarily long-lived at the LHC, with displaced vertex signals.

Clean LFV signals at future lepton colliders.
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FIG. 3. Prospects of probing LFV couplings h↵� (↵ 6= �) from searches of e+e� ! `±
↵ `

⌥
� H at CEPC (red,

p
s = 240 GeV and

L = 5 ab�1) and ILC (blue, 1 TeV and 1 ab�1). Here we have assumed 10 LFV signal events and a BR of 1% (long-dashed)
10% (short-dashed) or 100% (solid) from H decay to be visible. In the left panel, the region shaded in orange, pink and purple
and respectively excluded by muonium oscillation, (g� 2)e and ee ! µµ data; in the middle panel, the pink and purple regions
are excluded by (g � 2)e and ee ! ⌧⌧ data; in the right panel the gray region is disfavored by the (g � 2)µ data at the 5�
confidence level. In the left and right panels, the brown line could fit the central value of �aµ, and the green and yellow bands
cover the 1� and 2� ranges of �aµ.

TABLE II. Benchmark configurations of future lepton collid-
ers CEPC and ILC and the expected total cross sections of
the on-shell and o↵-shell production of H, up to the LFV cou-
plings squared, in the light H limit. The values in parentheses
are for mH = 100 GeV.

collider CEPC ILCp
s 240 GeV 1 TeV

luminosity 5 ab�1 1 ab�1

cuts pT (`) > 10 GeV, |⌘(`)| < 2.5

�(eµ + H3)/|heµ|2 8.9 ⇥ 104 (390) fb 1.1 ⇥ 105 (2800) fb

�(e⌧ + H3)/|he⌧ |2 5.3 ⇥ 104 (650) fb 6.6 ⇥ 104 (1700) fb

�(µ⌧ + H3)/|hµ⌧ |2 2100 (5.0) fb 5700 (3.5) fb

�(e⌧)/|h†
eehe⌧ |2 4.8 ⇥ 105 fb 2.8 ⇥ 104 fb

�(µ⌧)/|h†
eehµ⌧ |2 1.6 ⇥ 105 fb 9300 fb

�(µ⌧)/|h†
eµhe⌧ |2 1.6 ⇥ 105 fb 9300 fb

easily distinguished from the backgrounds, as exemplified
in Fig. 2, with mH = 50 GeV and heµ = 0.003 at CEPC,
and with mH = 300 GeV and heµ = 0.01 at ILC. Re-
moving the Z-resonance peak, the LFV signal is almost
background free. Summing all the bins o↵ the Z-peak,
the signal (S) to background (B) significance S/

p
S + B

for the examples in Fig. 2 are respectively 55 and 61.

After being produced, H could decay back into the
charged lepton pairs or other SM particles. Reconstruct-
ing the H peak from the decay products could improve
further the significance of the LFV signals, which are
however rather model-dependent. To work in a model-
independent way, we consider three benchmark values,
where 1%, 10% or 100% of the decay products of H are
visible and can be reconstructed. The corresponding LFV
prospects are shown in the left panel of Fig. 3, where we
have assumed a minimum of 10 signal events at both
CEPC and ILC. It is clear from Fig. 3 that with a BR
of & 10%, a large region of mH and |heµ| can be probed
in future lepton colliders, which extends the limits well
beyond what is currently available.

e�⌧ coupling: Turning now to the coupling he⌧ , the
most stringent limit comes from the electron g�2, which
is similar to the case of heµ except for the enhancement
by the ⌧ mass [cf. Eq. (S13)], as shown by the pink
region in the middle panel of Fig. 3. The LEP e+e� !
⌧+⌧� limit is slightly stronger than the muon case [28],
as shown by the shaded purple region in Fig. 3. The
reconstruction of ⌧ lepton is more challenging than µ,
and thus the prospects of he⌧ are somewhat weaker than
heµ, but there is still ample parameter space to probe
at both CEPC and ILC, as long as the e↵ective BR is
& 10%.

µ � ⌧ coupling: Turning now to the coupling hµ⌧ ,
there are currently no experimental limits, except for the
muon g�2 discrepancy. This could be explained in pres-
ence of H when it couples to muon and tau, as shown
by the brown line and the green and yellow bands in the
right panel of Fig. 3, while the shaded region is excluded
by the current muon g � 2 data at the 5� level. As µ⌧
can only be produced in e+e� collider in the s-channel in
Fig. 1, the production cross section is smaller than those
of eµ and e⌧ . From Eq. (S13) (with the couplings and
lepton masses changed accordingly), the (g�2)µ anomaly
can be directly tested at CEPC up to a scalar mass of
' 100 GeV, as shown in Fig. 3, as long as there is a siz-
able BR of H into visible states. With a larger luminosity
being planned [17], FCC-ee could do even better.

O↵-shell (& resonant) LFV.– The LFV signals
could also be produced from an o↵-shell H, i.e. e+e� !
`±↵ `

⌥
� ,as shown in Fig. 1 (bottom panel). This could oc-

cur in both the s and t channels; in the s-channel H is
on-shell if the colliding energy

p
s ' mH (resonance).

Di↵erent from the on-shell case, the o↵-shell production
amplitudes have a quadratic dependence on the Yukawa
couplings (some of them might be flavor conserving), and
thus largely complementary to the on-shell LFV searches.

The amplitude e+e� ! e±µ⌥ is proportional to
h†

eeheµ. This is tightly constrained by the µ ! eee data
in Table I, leaving no hope to see any signal in this chan-

[BD, Mohapatra, Zhang (PRD ’17; NPB ’17)] [BD, Mohapatra, Zhang (PRL ’18; PRD ’18)]
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Radiative Models (One-loop Only)

[Zee (PLB ’80); Ma (PRL ’98); Babu, Leung (NPB ’01); de Gouvêa, Jenkins (PRD ’08); Bonnet, Hirsch, Ota, Winter (JHEP ’12); Cai, Clarke,

Schmidt, Volkas (JHEP ’14); Babu, BD, Jana, Thapa, (JHEP ’20); Wang, Zhang, Zhou (JHEP ’23); ...]
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Singlet Charged Scalar in Zee Model

[Zee (PLB ’80)]
⟨H0

1⟩

H+
2η+

να ℓγ ℓcγ νβ

Collider constraints on h± mass

Direct searches: One can put bounds on h+ mass by looking at
final states (leptons + missing energy)

Some supersymmetirc searches (like Stau, Selectron, ..) can be
used to set limits on h+ mass.
Dominant production mechanisms in LEP are:
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[Babu, BD, Jana, Thapa, 1907.09498 (JHEP ’20)]
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Nonstandard Neutrino Interactions
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[Babu, BD, Jana, Thapa, 1907.09498 (JHEP ’20)]
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Extra Neutral Scalars in Zee Model

Must have LFV couplings (to fit neutrino oscillation data).
Stringent cLFV constraints. But depend on Yukawa texture.
Future lepton colliders could provide an independent test.

[BD, Heeck, Thapa, 2309.06463 (EPJC ’24)]
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https://arxiv.org/abs/2309.06463


LHC as a Lepton Collider

Using the lepton PDF of proton. [Buonocore, Nason, Tramontano, Zanderighi, 2005.06477 (JHEP ’20)]

[Afik, BD, Thapa, 2305.19314 (PRD ’24)]
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https://arxiv.org/abs/2005.06477
https://arxiv.org/abs/2305.19314


Conclusions

Understanding the neutrino mass mechanism will provide key insights into the BSM
world.

Current and future colliders provide an ideal testing ground for (sub) TeV-scale neutrino
mass models.

Can probe the messenger particles (new fermions/gauge bosons/scalars) in a wide range of
open parameter space.

Complementary to the low-energy precision measurements.

Important implications for current experimental anomalies.
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