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Abstract
Some models of leptogenesis involve a nearly-degenerate pair of heavy Majorana neutrinos N1,2 whose
masses can be small, O(GeV). There can be heavy-light neutrino mixing parametrized by |B`N |2 = 10−5,
which leads to the rare lepton-number-violating decay W± → `±1 `±2 (q′ q̄)∓. With contributions to this
decay from both N1 and N2, a CP-violating rate difference between the decay and its CP-conjugate can
be generated. In this talk, I describe the prospects for measuring such a CP asymmetry ACP at the LHC.
I consider three versions of the LHC – HL-LHC, HE-LHC, FCC-hh – and show that, for 5 GeV ≤ MN ≤
80 GeV, small values of the CP asymmetry can be measured at 3σ, in the range 1% <∼ ACP <∼ 15%.
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1. INTRODUCTION
One of the fundamental mysteries in particle physics – indeed, in all of physics – is the origin of the baryon asymmetry of the
universe (BAU). The only thing we know for sure about the BAU is that its generation requires the three Sakharov conditions:
(i) baryon-number violation, (ii) CP violation, (iii) processes that take place out of equilibrium [2]. One popular explanation is
leptogenesis. Here, a lepton-number asymmetry is created through CP-violating, lepton-number-violating processes. This is then
converted to a baryon-number asymmetry via sphalerons processes [3, 4], which conserve B− L.

Another mystery is neutrino masses, which are known to be nonzero, but very small. What is the origin of these neutrino
masses? And are neutrinos Dirac or Majorana particles? If they are Majorana, low-energy lepton-number-violating processes such
as neutrinoless double-beta decay may be observable.

A common scenario in leptogenesis models, which also touches the question of neutrino masses, is the appearance of a pair
of nearly-degenerate heavy sterile neutrinos N1 and N2. Leptogenesis can then be produceed through CP-violating decays of the
heavy neutrinos [5, 6], or via neutrino oscillations [7, 8]. We will see both of these effects below.

In the seesaw mechanism [9, 10, 11] with one left-handed (LH) and one right-handed (RH, sterile) neutrino, the mass matrix
takes the form

M =

(
0 mD

mD mR

)
, (1)

leading to

mν =
m2

D
mR

, mN = mR . (2)

The standard choice for the entries in the mass matrix is mD ∼ mt, mR ∼ 1015 GeV. But there are other possibilities, e.g., mD ∼ me,
mR ∼ 1 TeV.

With three LH and three RH neutrinos, there are more free parameters in the mass matrix (three mDs and three mRs). A complete
scan of the parameter space reveals that it is possible to obtain three ultralight neutrinos νi and three heavy Majorana neutrinos Ni,
with N1 and N2 nearly degenerate and with masses of O(GeV) [12].

The flavour and mass eigenstates are related via

ν` =
3

∑
j=1

B`jνj +
3

∑
i=1

B`Ni
Ni . (3)

Here the B`Ni
parametrize the heavy-light neutrino mixing. The point is the following. With B`Ni

6= 0, there are W-`-Ni couplings.
And if MN < MW , one can have the decay W− → `−1 Ni, with (i) Ni → `−2 `+3 ν`3 , `−2 (q′ q̄)+ or (ii) Ni → `+2 `−3 ν̄`3 . Decays of type (i)
are lepton-number violating (LNV, ∆L = 2), while decays of type (ii) are lepton-number conserving (LNC, ∆L = 0). Searches for
such decays constrain the mixing parameters to be

|B`N |2 ≤ 10−5 (` = e, µ) , (4)
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for 1 GeV ≤ mN ≤ 80 GeV [13].
The idea that there can be a pair of nearly-degenerate Majorana neutrinos with masses of O(GeV) has led a number of authors

to examine the prospects for observing CP-violating LNV processes in the decays of mesons [14, 15, 16, 17, 18, 19, 20, 21] and τ
leptons [22, 23]. For example, the decay B± → D0`±1 `±2 π∓ is considered in Ref. [19]. It occurs via B± → D0W∗±(→ `±1 Ni), with
Ni → `±2 W∗∓(→ π∓).

The key point here is that we can search for similar effects in the decays of real Ws at the LHC, in W− → `−1 `−2 ( f ′ f̄ )+. This
decay has already been studied extensively as a signal of LNV. Here we push further and examine the prospects for measuring CP
violation in this decay.

As noted above, in W− → `−1 Ni, if the Ni decays leptonically, the final state can be `−1 `−2 `+3 ν`3 (LNV) or `−1 `+2 `−3 ν̄`3 (LNC). Since
the final-state (anti)neutrino is not detected, these are indistinguishable. However, we want to focus on pure LNV decays, so in
our study we consider only W− → `−1 `−2 (q′ q̄)+. A difference between the rates of W− → `−1 `−2 (q′ q̄)+ and its CP-conjugate decay
W+ → `+1 `+2 (q′ q̄)− is a signal of CP violation.

2. CP VIOLATION – REVIEW
Suppose that the decay W− → F, where F is the final state, has two contributing amplitudes, A and B:

Atot = A + B = |A|eiφA eiδA + |B|eiφB eiδB , (5)

where φA,B and δA,B are CP-odd and CP-even phases, respectively. The CP asymmetry is

ACP =
BR(W− → F)− BR(W+ → F̄)
BR(W− → F) + BR(W+ → F̄)

=
2|A||B| sin(φA − φB) sin(δA − δB)

|A|2 + |B|2 + 2|A||B| cos(φA − φB) cos(δA − δB)
. (6)

From this we see that a nonzero ACP requires the two contributing amplitudes to have different CP-odd phases (φA − φB 6= 0) and
different CP-even phases (δA − δB 6= 0). In addition, ACP is sizeable only when the two amplitudes are of similar size (|A| ∼ |B|).

In W− → `−1 `−2 (q′ q̄)+, the two amplitudes are W− → `−1 N̄1,2, with each of N̄1,2 decaying to `−2 (q′ q̄)+. Here φ1 =
arg[B`1 N1

B`2 N1
] and φ2 = arg[B`1 N2 B`2 N2 ], so that φ1 − φ2 can be nonzero.

There are two sources of CP-even phases. First, the Ni propagator is proportional to

1
(p2

N −M2
Ni
) + iMNi ΓNi

=
1√

(p2
N −M2

Ni
)2 + M2

Ni
Γ2

Ni

eiηi ,

with tan ηi =
−MNi ΓNi

(p2
N −M2

Ni
)

. (7)

As N1 and N2 do not have exactly the same mass, this leads to η1 − η2 6= 0. For example, if η1 = −π/2 (i.e., N1 is on-shell), then
|η2| < π/2. This is resonant CP violation.

Note also that, since the Ni are nearly degenerate, the two amplitudes are of similar size, so that ACP can be sizeable.
Second, there can be oscillations of heavy neutrinos. The time evolution of a heavy Ni mass eigenstate involves the factor e−iEit,

where Ei is the energy of the Ni in the rest frame of the decaying W. Once again, since MN1 6= MN2 , we have E1 6= E2, which gives
different e−iEit factors. This is another source of a CP-even phase difference, and can also lead to CP violation.
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3. M(W−→ `−1 N̄I , NI → `−2 W∗+(→ (Q′Q̄)+)

The Feynman diagram for W− → `−1 `−2 (q′ q̄)+ via an intermediate Ni is shown in Fig. 1.

FIGURE 1: Diagram for W− → `−1 `−2 (q′ q̄)+ via an intermediate Ni. There is no arrow on the Ni line because it is a Majorana particle
and the decay is fermion-number violating.

Because this decay receives contributions from Ni = N1 and N2, and since the two neutrinos cannot be on shell simultaneously,
we must include the heavy neutrino propagator in the amplitude. In addition, although the neutrino is produced as N̄i, it actually
decays as Ni, leading to the fermion-number-violating and LNV process W− → `−1 `−2 (q′ q̄)+. This implies that (i) conjugate fields
will be involved in the amplitudes, and (ii) the amplitudes will be proportional to the neutrino mass.

The full amplitudes areM−−i ≡ M(W− → `−1 N̄i, N̄i → Ni, Ni → `−2 W∗+(→ (q′ q̄)+). WritingM−−i =Mµν
i εµ jν, where εµ is

the polarization of the initial W− and jν =
g√
2

q̄γνPLq′ is the current of final-state particles to which W∗+ decays, we have

Mµν
i = ¯̀1γµPL

(
g√
2

B`1 Ni

)
Ni × e−Γit/2e−iEit × ¯̀2γνPL

(
g√
2

B`2 Ni

)
Ni

→
g2

2 B`1 Ni
B`2 Ni

Mi e−Γit/2 e−iEit

p2
N −M2

i + iΓi Mi
Lµν , (8)

where Lµν = ¯̀1γµγνPR`
c
2. In the first line, the first term is the amplitude for W− → `−1 N̄i, the second term is the time dependence

of the Ni state, and the third term is the amplitude for Ni → `−2 W∗+. The e−iEit factor is due to the quantum-mechanical evolution
of the Ni state (neutrino oscillations). The CP-odd phase is found in B`1 Ni

B`2 Ni
, while the CP-even phase arises from the e−iEit and

iΓi Mi factors.
The total amplitude isMµν =Mµν

1 +Mµν
2 . Writing B`1 N1

B`2 N1
≡ B1eiφ1 and B`1 N2 B`2 N2 ≡ B2eiφ2 , we have

Mµν =
g2

2

(
M1 B1 eiφ1 e−Γ1t/2 e−iE1t

p2
N −M2

1 + iΓ1 M1
+

M2 B2 eiφ2 e−Γ2t/2 e−iE2t

p2
N −M2

2 + iΓ2 M2

)
Lµν . (9)

Note that the two contributing amplitudes have different CP-odd phases (φ1 and φ2) and (two sources of) different CP-even phases
(iΓ1 M1 vs. iΓ2 M1 and e−iE1t vs. e−iE2t). We therefore expect to find a CP asymmetry.

Using this expression, we (i) compute |Mµν|2 using the narrow-width approximation, (ii) integrate over time (our goal is not
the measurement of the neutrino oscillations), (iii) perform the phase-space integrals, and (iv) construct ACP.
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4. ACP

With the simplifying assumption that B1 = B2, we find

ACP =
2(2y− x) sin δφ

(1 + x2)(1 + 4y2) + 2(1− 2xy) cos δφ
, (10)

where
x ≡ ∆E

Γ
, y ≡ ∆M

Γ
, with x = y

MN
MW

. (11)

Comparing Eqs. (6) and (10), we see that x and y each play the role of the CP-even phase-difference term sin(δA − δB). x arises from
neutrino oscillations (hence the factor ∆E), while y is due to the neutrino propagator (∆M).

We note that y is always present; x is generally subdominant, except for large values of MN . Given that |2y− x| ≤ |2y|, this
implies that that, as |x| increases, ACP decreases. We therefore expect to see smaller CP-violating effects for larger values of MN .

In order to estimate the potential size of ACP, we set δφ = π/2. In Fig. 2, we plot ACP as a function of y, for various values of
MN .

FIGURE 2: Value of ACP as a function of y, for δφ = π/2 and for various values of MN . For negative values of y, ACP → −ACP.

From this plot, we note the following features:

• Large values of |ACP| (≥ 0.9) can be produced for light MN .

• Maximal values of |ACP| are found when y ' ± 1
2 , with |ACP| decreasing for larger/smaller values of |y|.

• As expected, the size of |ACP| decreases as MN increases, with |ACP|max < 0.6 for larger values of MN . (Even so, these values
of |ACP| are not that small.)

Note in passing: the observation that CP violation is maximal when y ' ± 1
2 allows us to quantify how degenerate the “nearly-

degenerate heavy sterile neutrinos” must be. Using y ≡ ∆M/Γ, we find that, for MN = 10 GeV, ∆M = O(10−14) GeV.

5. EXPERIMENTAL PROSPECTS
In order to measure ACP, one has to compare N−− (the number of events of W− → `−1 `−2 (q′ q̄)+) and N++ (the number of events
of W+ → `+1 `+2 (qq̄′)−). However, one must also take into account the fact that, because pp collisions are involved at the LHC, and
because protons do not contain an equal number of up- and down-type quarks and antiquarks, the number of W− and W+ bosons
produced is not equal. This can be done by measuring

ACP ==
RW Npp

−− − Npp
++

RW Npp
−− + Npp

++

, (12)

where Npp
−− and Npp

++ are the number of observed events of pp → XW−(→ `−1 `−2 (q′ q̄)+) and pp → XW+(→ `+1 `+2 (q̄′q)−),
respectively, and

RW =
σ(pp→W+X)

σ(pp→W−X)
, (13)

measured to be RW = 1.295± 0.003 (stat)± 0.010 (syst) at
√

s = 13 TeV [24]. Presumably, RW can be measured with equally good
precision (if not better) at higher energies.
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Now, given an ACP, the number of events required to show it is nonzero at nσ is

Nevents =
n2

A2
CP ε

, (14)

where ε is the experimental efficiency. This can be turned around: given Nevents, we can compute the smallest value of |ACP| that
can be measurable at nσ.

In our study, we consider three versions of the LHC: (i) the high-luminosity LHC (HL-LHC,
√

s = 14 TeV), (ii) the high-energy
LHC (HE-LHC,

√
s = 27 TeV), and (iii) the future circular collider (FCC-hh,

√
s = 100 TeV). We implement the model in FeynRules

[25, 26] and use MadGraph [27] to generate events. We take |B`N |2 ≤ 10−5.
Note that Nevents is not whole story. What we really want is the number of measurable events. To be specific, we require that

the sterile neutrinos actually decay in the detector. With this in mind, it is necessary to look at the N lifetime and determine
what percentage of the heavy neutrinos actually decay in the detector. This was done by the CMS Collaboration in its search for
W− → `−1 `−2 ( f ′ f̄ )+ [28]. They found that, for MN = 1 GeV, 5 GeV and 10 GeV, the multiplicative reduction factor was 10−3, 0.1
and ' 1, respectively.

In its searches for heavy Majorana neutrinos at the
√

s = 8 TeV LHC using the final state `−1 `−2 jj [29, 30], the CMS Collaboration
found that their overall efficiency was ∼ 1%. Using this efficiency in our estimates, we obtain the results given in Table 1.

Minimum ACP measurable at 3σ

Machine MN = 5 GeV MN = 10 GeV MN = 50 GeV
HL-LHC 15.0% 4.8% 7.4%
HE-LHC 5.1% 1.6% 2.5%
FCC-hh 2.1% 0.7% 1.0%

TABLE 1: Minimum value of ACP measurable at 3σ at the HL-
LHC (

√
s = 14 TeV), HE-LHC (

√
s = 27 TeV) and FCC-hh

(
√

s = 100 TeV). Results are given for MN = 5 GeV (reduc-
tion factor = 0.1), MN = 10 GeV (no reduction factor), and
MN = 50 GeV (no reduction factor).

We note that

• As LHC increases in energy and integrated luminosity, smaller values of ACP are measurable.

• At a given machine, the measurable ACP decreases as MN increases. (But there is a reduction factor due to the N lifetime for
small MN .)

• The most promising results are for MN = 10 GeV, but in all cases reasonably small values of ACP can be probed.

6. SUMMARY
In many leptogenesis models, a lepton-number asymmetry arises through CP-violating decays of a pair of nearly-degenerate heavy
neutrinos N1 and N2. What is particularly intriguing is that the masses of N1,2 can be small, O(GeV).

In general, there can be a (small) heavy-light neutrino mixing. This leads to LNV processes at the LHC such as W± →
`±1 `±2 (q′ q̄)∓. A CP-violating rate asymmetry ACP between the W− and W+ decays can arise due to the interference of the N1 and
N2 contributions. The different W-`-N1 and W-`-N2 couplings produce the CP-odd phase difference; The CP-even phase difference
is generated via propagator effects or oscillations of the heavy neutrinos.

If such an LNV decay were observed, this would of course be very exciting. But the next step would be to try to understand the
underlying origin of the decay. One important piece of information would be to look at CP violation in the decay, and this is what
we have studied.

We consider 5 GeV ≤ MN ≤ 80 GeV and examine three versions of the LHC: (i) HL-LHC (
√

s = 14 TeV), (ii) HE-LHC (
√

s = 27
TeV), (iii) FCC-hh (

√
s = 100 TeV). The most promising result is for the FCC-hh with MN = 10 GeV. Here ACP = O(1%) is

measurable. But even in the worst case, the HL-LHC with MN = 5 GeV, an ACP = O(10%) can be measured.
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