
Heavy Neutrino Searches at the CEPC

CEPC Snowmass Progress Meeting

June 10, 2021

Based on [ Yu Gao’s slides; Yu Gao & K. Wang, hep-ph/2102.12826; 
Zeren Simon Wang & K. Wang, PRD 101 (2020) no.7, 075046 ]

Kechen Wang (!"#)
Wuhan University of Technology

1



OUTLINE

Pheno. Studies on N Searches @ ee

Our Studies
à Prompt case
à Long-lived case

Summary

Constraints Pheno. Studies @ !! SummaryLong-lived CasePrompt Case

2

Motivations & Constraints on N Searches



Theory Motivations
Discovery of neutrino oscillations => neutrinos have mass

à In SM, neutrinos are massless

à A window to BSM physics

Interactions: [0901.3589]Type-I see-saw: Singlet (Sterile) Fermions

Simplified model with assumption for collider searches:

Only 1 generation of sterile neutrinos is light & within experimental reach;

VNτ = 0;

3 free parameters: mN, VNe, VNμ, Dirac/Majorana.

Sterile Neutrinos (<)

"for the disco2ery of 3eutri3o oscillatio3s4 5hich 
sho5s that neutrino	 
��e �		"

NeG �egrees oC Hree5oE 
beyond the Standard Model !

  �8>e4< See-Sa,- Singlet HerEions

 �8>e4<< See-Sa,- �ri>let S6alars

�8>e4<<< See-Sa,- �ri>let HerEions

Sterile
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Sterile Neutrinos (II)

Phenomenological Assumption: 

mN , VαN (α = e, L, M), DiracNOaPoranaFree Paras:

Interactions:

ONE generation of sterile neutrinos
 is within ex�eri�ental rea�h7

0901.:;"9
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Sterile Neutrinos (II)

Phenomenological Assumption: 

mN , VαN (α = e, L, M), DiracNOaPoranaFree Paras:

Interactions:

ONE generation of sterile neutrinos
 is within ex�eri�ental rea�h7

0901.:;"9
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Global Constraints
mN: 0.1 ~ 500 GeV

Neutrinos and Collider Physics 11
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Figure 3. Limits on the mixing between the electron neutrino and a single heavy
neutrino in the mass range 100 MeV - 500 GeV. For details, see text.

the interpolating formula (11) allows us to calculate the 0⌫�� half-life for arbitrary

heavy neutrino masses using the NMEs M0⌫
⌫ (light) and M

0⌫
N (heavy) [158,159].

Using the combined 90% C.L. limit on 0⌫�� half-life T 0⌫
1/2(

76Ge) � 3⇥ 1025 yr from

GERDA+Heidelberg-Moscow experiment [160], we derive from the second term in (11)

upper limits on |VeN |
2 as a function of a generic heavy neutrino mass MN . Our results

are shown in Figure 3, where the shaded (orange) region between the solid and dashed

lines, labeled ‘GERDA’, shows the uncertainty due to NMEs [159, 161]. Here we have

used the recently re-evaluated phase-space factors [162] and the NMEs from a recent

calculation within the quasi-particle random phase approximation (QRPA) [159, 163].

Similar limits are obtained using the half-life limit T 0⌫
1/2(

136Xe) � 2.6 ⇥ 1025 yr from

KamLAND-Zen experiment [164,165] and the corresponding QRPA NMEs [159].

From Figure 3, it seems that the 0⌫�� constraints are very severe, thus shadowing

the future prospects of observing LNV in other processes involving the electron channel.

However, one must keep in mind that the 0⌫�� limits may be significantly weakened

in certain cases when a cancellation between di↵erent terms in (11) may happen [166],

e.g. due to the presence of Majorana CP phases. In general, the Majorana nature of

neutrinos does not guarantee an observable 0⌫�� rate in all models [167]. Also, in the

inverse seesaw scenario with pseudo-Dirac heavy neutrinos, the 0⌫�� limits are usually

diluted by the small LNV term  = µS/MS. Therefore, it is still important to include

the electron channel while performing an independent direct search for heavy neutrinos

at colliders.

from [Deppisch, Dev and Pilaftsis, New J. Phys. 17 (2015) 085019]

Current Limit:

|VNα|2 ≤ 10-5

(10 GeV < mN < mW)
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[LHC, CMS experiment: hep-ex/1806.10905, CMS-EXO-17-028, CMS, JHEP 01 (2019) 122
“Search for heavy Majorana neutrinos in same-sign dilepton channels in proton-proton collisions at 13 TeV” ]

LHC Limits

2l (SS) + ≥ 1 j
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3σ CC

5σ CC

3σ BDT

5σ BDT

0.11

0.24

0.03

0.08

Majorana N

[Claudio O. Dib, C.S. Kim, Kechen Wang, Phys.Rev. D95 (2017) no.11, 
115020, cited by CMS collaboration ]

Tables III and IV, we have listed the numbers of expected
events for the case of the mixing angles jUeN j2 ¼ jUμN j2 ¼
1 × 10−6 and UτN ¼ 0. Apparently, one can easily obtain
the expected numbers of events for other mixing angles
by simple rescaling. Moreover, by further applying stat-
istical fluctuations, one can generate realistic pseudodata
(simulated data) samples. For convenience, in addition to
the disparity factor r ¼ jUNe=UNμj2, we introduce another
parameter, s, a normalization factor defined as

s≡ 2 × 106 ×
jUNeUNμj2

jUNej2 þ jUNμj2
; ð6Þ

i.e., s is a measure of the smallest of the two mixings. Thus,
for the case given in Tables III and IV, we have s ¼ r ¼ 1.
Having obtained the realistic pseudodata samples,

we next fit them with the two competing hypotheses.
A χ2 function is built so as to characterize how well the
pseudodata sets are described within a given hypothesis,

χ2H ¼ −2min
s;r⊂H

!
ln
"Y

i

Poiss½Nexpc
i ðs; r;HÞ; Nobs

i &
#$

; ð7Þ

where H stands for the Dirac or Majorana hypothesis of
sterile neutrinos, i denotes a particular trilepton final state,
and PoissðNexpc; NobsÞ is the probability of observing Nobs

events in Poisson statistics when the number of expected
events is Nexpc. The above definition also involves a
minimization procedure that is taken upon the free param-
eters i.e., s and r in the hypothesis.
To quantify which hypothesis is more favorable, we then

define a test statistic T as

T ¼ χ2Dirac − χ2Maj: ð8Þ

Because of statistical fluctuations, the obtained values of T
for different pseudodata samples, which correspond to the
same expected numbers of events (or the same set of input
parameters s and r), can be different. In Fig. 4, we show
the probability distributions of the test statistic T for

1000 pseudodata samples that all have s ¼ 1 and r ¼ 5,
assuming either the true Dirac (dashed) or Majorana (solid)
nature of sterile neutrinos. As expected, when sterile neutri-
nos are truly Dirac particles, we obtain almost equally well
fitting for both hypotheses so that T is centered around 0.
Namely, in this case no discrimination power can be
obtained. However, when the true nature of sterile neutrinos
is Majorana, the Majorana hypothesis has a better fit
(a smaller χ2 value), resulting in a positive value of T.
Statistical fluctuation causes the spread of two distribu-
tions, and the level of their overlap determines the con-
fidence level of discriminating these two hypotheses.
To simplify the complexities caused by the statistical

fluctuations, we consider a “median” discrimination.
Namely, for the true Dirac case, where the distribution
of T is sharply peaked at zero, we therefore choose T ¼ 0
as the median possible value of T. Then, given the true
Majorana nature of sterile neutrinos, the confidence level of
excluding the Dirac hypothesis can be quantified as 1 − α,
where α is the probability of explaining the true Majorana
nature with the wrong Dirac one. In terms of Fig. 4, this α is
the area under the blue curve for T < 0.
Finally, in Fig. 5, we present our main point: the

numerical results on the discrimination of Majorana vs
Dirac neutrinos based on the disparity of the mixings
jUNej2 and jUNμj2. We do this for two benchmark scenar-
ios: mN ¼ 20 (left) and 50 GeV (right). The main question
is to determine how far from unity the disparity factor r has
to be in order to tell a Majorana character apart from a
Dirac. Horizontal and vertical axes, respectively, denote the
true values of the disparity factor r and the normalization
factor s, which are used in generating the pseudodata
samples. Solid, dashed, and dot-dashed curves correspond
to excluding the Dirac hypothesis given the true Majorana
nature at 1σ, 2σ and 3σ levels, respectively. As one can see,
for both benchmark scenarios, at least a 3σ level exclusion
can be reached for disparities as mild as, e.g., r≲ 0.7 (or
1=r≲ 0.7), provided s≳ 5. For smaller s (smaller mix-
ings), which means fewer events, one clearly requires larger
values of r to reach the same level of discrimination; in the
same way, as r approaches 1, larger values of s are required
as it becomes more and more difficult to exclude the Dirac
case. Further discriminating power will require additional
information from the spectral distributions of the produced
leptons, an issue that we will discuss in a later work.

V. CONCLUSIONS

In this work, we focus on the question of determining the
nature of sterile neutrinos with mass belowMW at the LHC.
Because of such a lowmass for the neutrino, the conventional
same-sign dilepton plus jet search for Majorana sterile
neutrinos at the LHC suffers from the issue of insufficient
phase space for final state leptons and jets passing the
necessary detector cuts. Therefore, we choose to study the
alternative trilepton search channel, and to reduce SM

FIG. 4. Distributions of test statistic T for the case with s ¼ 1
and r ¼ 5, given the true nature of sterile neutrinos is Dirac
(dashed) or Majorana (solid).

DIB, KIM, WANG, and ZHANG PHYSICAL REVIEW D 94, 013005 (2016)

013005-6

The expressions differ only in the lepton mixing factors:
jUNej4 for the LNV process Wþ → eþeþμ−ν̄μ, jUNμj4 for
the LNV processWþ → μþμþe−ν̄e, and jUNeUNμj2 for the
twoLNCprocessesWþ→ eþeþμ−νe andWþ → μþμþe−νμ.
So, clearly both LNC processes always have equal rates,
while the LNV processes are equal only if jUNej2 ¼ jUNμj2.
With the fact that a Dirac sterile neutrino will produce only
the LNC processes while a Majorana neutrino will produce
both the LNC and LNV processes, one can compare the
production of eþeþμ− and μþμþe− (or their charge con-
jugates) induced by a Dirac or a Majorana sterile neutrino.
In Table I, we present such a comparison, where the rate

of Wþ → eþeþμ−ν in the Dirac case is chosen as the
reference value, by which the rates of other cases are
normalized. It is now apparent that in the case of a Dirac
sterile neutrino the production rates of eþeþμ− and μþμþe−

should be equal, while for the Majorana case they will
differ, depending on the disparity factor, r, defined as

r≡ jUNej2

jUNμj2
: ð4Þ

For r > 1, the number of eþeþμ− events should be larger
than the μþμþe− events, and vice versa, if r < 1 the
μþμþe− events will be more abundant than eþeþμ−.
Similar comparison also exists in the corresponding
charge-conjugated processes.
The essence of the above feature can be attributed to the

requirement of having no lepton pairs with opposite sign
and same flavor (no-OSSF) in the final state. With such
requirement, the diagrams of the LNV and LNC processes
have different topological structures. As shown in Fig. 1, in
the LNC process, the fermion line containing the sterile
neutrino N must be attached to final leptons of opposite
charge, and consequently these must have different flavors,
hence the mixing factor jUNeUNμj. On the other hand, in
the LNV process, the sterile neutrino line is attached to two
leptons of same sign and same flavor, hence the factor
jUNej4. Actually, since this difference is valid irrespective
of the mass of N, one may generalize our current study to
the case where mN > MW , although for larger masses the
dilepton-dijet processes lljj are favored as they tend to
give larger rates even after cuts to reduce the hadronic
background.

Consequently, in the following section, we will restrict
our study to the case where mN < MW , for different values
of the r parameter (see Table I). We will perform the
statistical analysis with collider simulations for both back-
ground and signals and determine the statistical level at
which one can distinguish a Majorana vs a Dirac sterile
neutrino case at the LHC.

III. COLLIDER SIMULATION

In our simulation, we first build a Universal FeynRules
Output [22] model file using FeynRules [23], which
extends the SM model with additional sterile neutrino
interactions. Both signal and background events are gen-
erated within the framework of MadGraph 5 [24], where
the parton showering and detector simulation are carried
out by PYTHIA 6 [25] and DELPHES 3 [26], respectively.
At the parton level, we include up to two extra partons for
both signal and background processes and perform the jet
matching using the MLM-based shower-k⊥ scheme [27].
Finally, to maintain consistency across the processes we are
considering, we present the results using the cross sections
from the MadGraph 5 output.
Although, in this trilepton search, we demand no OSSF

lepton pairs in the final state, there still exists a non-
negligible background from various processes. We divide
them into two categories. In the first category, we have the
pair production of WZ with W decaying leptonically and
Z → τþτ−. The subsequent decay of the τ’s can lead to
trilepton events with no OSSF lepton pairs. We estimate
this background process via the Monte Carlo simulation.
The second category of background consists in “fake”

leptons which mainly originate from heavy-flavor meson
decays. Although, in general, leptons from such a heavy-
flavor meson decay are not well isolated, there are still rare
occasions when they can pass the lepton isolation criteria
[28–30]. Dominant background processes of this kind are
γ%=Z þ jets and tt̄, where an event with no OSSF lepton
pairs arises from γ%=Z → τþτ− or the prompt decay of t and
t̄, and a third lepton is faked from jets containing heavy-
flavor mesons. Because these processes have large cross
sections and small fake probabilities, it is very challenging
to obtain enough statistics for background study in the pure
MC simulation. Moreover, simulating such processes
requires a detailed modeling of the jet fragmentations,
and current level of MC simulation may not be accurate
enough. For these reasons, data-driven methods are used by
the ATLAS and CMS Collaborations to estimate the fake
lepton contributions [15,31,32].
In this work, we adopt a phenomenological fake lepton

(FL) simulation method originally introduced in Ref. [33]
and later also implemented in Ref. [18]. In this FL
simulation, one employs the fact that FLs originate from
jets, and therefore they inherit parts of the kinematics of
the original jets. Two modeling functions are introduced:
one is called “mistag efficiency,” ϵj→l, which represents the

TABLE I. Relative factors in the branching ratios of Wþ →
eþeþμ−ν and Wþ → μþμþe−ν for both Dirac and Majorana
sterile neutrino scenarios, where ν represents a standard neutrino
or antineutrino. The same applies for the respective charge
conjugate modes. Here r is defined as r≡ jUNej2=jUNμj2.

Dirac Majorana

eþeþμ− 1 1þ r
μþμþe− 1 1þ 1=r

DISTINGUISHING DIRAC/MAJORANA STERILE … PHYSICAL REVIEW D 94, 013005 (2016)
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3000 fb-1 (14 TeV)

when r = 1,

[LHC, CMS experiment: Phys.Rev.Lett. 120 (2018) no.22, 221801, 
“Search for heavy neutral leptons in events with three charged leptons in proton-
proton collisions at 13 TeV” ]

3l + MET
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Leading Order N Productions @ ee

Single N production

via ν-N mixing.

effective couplings ∝ |VlN|2

NN pair production

via NR couplings

∝ scalar mixing |sin α|2

yD is suppressed by active ν mass

yN is not.
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Heavy N @ ee:   Single N at Z-pole

similar sensitivity reach for VμN
[ J.-N. Ding, Q.Qin, F.-S.Yu, 1903.02570 ]

e- e+ → Z → ν N → ν lW → ν ljj @ Z pole
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Heavy N @ ee:  Single N at 240 GeV

[ W.Liao, X.-H.Wu, 1710.09266 ]

e+e- → ν N → h + MET 

[ S.Antusch, O.Fischer, 1502.05915 ]

N → νhN → lW
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h → ν N @ ee
[ S.Antusch, O.Fischer, 1502.05915 ]

@pp, top, VV bkgs are significant.
gg → h → ν N search needs an ISR kick
[ A.Das, Y.Gao, T.Kamon, 1704.00881 ]

h → l-l’ + flavor violating decays @ee
see [ Q.Qin, Q.Li, C.-D.Lu, F-S.Yu, S.-H.Zhou, 
1711.07243 ]
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Heavy N @ ee:  Single N at 240 GeV

https://arxiv.org/abs/1704.00881


NN @ ee:   Displaced vertex (long-lived N)

Gray:

95% non-observation of a single DV, 5ab-1 95% non-observation of two DVs, 5ab-1

[ F.F.Deppisch, W.Liu, M.Mitra, 1804.04075 ]

At fixed prod. rate
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Type II @ ee:   Exotic/seesaw scalar search

neutral scalar production doubly charged scalar production

via coupling to leptons and SM gauge/Higgs bosons.

[ B.Dev, R.N.Mohapatra, Y.Zhang, 1803.11167 ]

`Assume no LNV background’
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NN @ pp: Higgs mixing (with scalar)

l Assuming the Higgs is the only visible 

scalar.

l Can h→ NN probe the h-s mixing to 

tiny levels?  -- ‘small coupling’

l Mostly decoupled Φ, S sectors if the 

mixing terms are small.

How about using ee→Zh at Higgs Factory？

pp limit, [ Y.Gao, M.Jin, K.Wang, 1904.12325 ] 

Constraints Pheno. Studies @ !! SummaryLong-lived CasePrompt Case
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A Minimal Setup

SM Higgs-like

S vev gives the N mass

Small coupling: 

& neglecting |Φ|2S terms
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NN :  Semileptonic, fully leptonic & mixed decays

Both h1→NN branching and σ(h2) scale ~  |sinα|2

h2→NN branching ~ 100% if |VlN|2 is small

ee@240 GeV: 

assume h2 is much heavier &  ignore ee→Zh2

Constraints Pheno. Studies @ !! SummaryLong-lived CasePrompt Case
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NN@ee : SM backgrounds

1. Intrinsic backgrounds

Randomly flavored leptons emerges from W/W*. i.e W & tau decays.

τ+τ-τ+τ-, τ+τ-τ+τ-Z, τ+τ-W+W-.  

2. Missed leptons (& wrong signs)

τ+τ-Z, l+l-Z, τ+τ-l+l-Z, l+l-l+l-Z, l+l-W+W-

up to 2 weak bosons for 240 GeV. 

τ decay may yield jets. N decay jets are soft.

Leptonic Z decay may contribute to Nl and SS

6τ, 6l channels are not independent.

Signal strategy:

Assume Z→jj (more jets)

Require SS leptons

Strict lepton charge & count cuts

Categorize on Nl：

2-4 visible leptons with 

flavor-distinguishable SS pairs

Constraints Pheno. Studies @ !! SummaryLong-lived CasePrompt Case
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2l channel:  SS dilepton +(≥3) jets

[ Y.Gao, K.Wang, 2102.12826 ]

MG5+Pythia8+Delphes CEPC card
[ C.Chen, et.al. 1712.09517 ]

Bkg @ 5.6 ab-1

lepton
cuts

jet
cuts

Signal ~10% eff. w lepton cuts
~2% sig. eff. at Nbkg~1 level

Constraints Pheno. Studies @ !! SummaryLong-lived CasePrompt Case
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3l channel:  SS dilepton + l +(≥2) jets

Bkg @ 5.6 ab-1

lepton
cuts

jet
cuts

O(1%) sig. eff. at Nbkg~1 level

[ Y.Gao, K.Wang, 2102.12826 ]
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3l channel’s Bonus: SS trilepton

Z decay yield `correct’-sign lepton if its `incorrect’-sign company goes missing

SS-trilepton arises:

after cut (i-ii), signal ~ 7.6%, while
SM bkg ~ 0.2%

Clean channel, yet signal yield is 
also smaller.

Constraints Pheno. Studies @ !! SummaryLong-lived CasePrompt Case
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4l channel: two SS dileptons +(≥1) jets

Two SS
dileptons

jet
cuts

(for sensitivity)

Nl=4

~10 bkg events

w two SS dileptons

@5.6 ab-1

lofty cost: sig. eff ~ 0.1%

[ Y.Gao, K.Wang, 2102.12826 ]
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Mixing angle reach @ CEPC

ee @ 240 GeV, 5.6 ab-1:

|sin α|2 <10-4 sensitivity
for yS ~ O(1)
comparable to HL-LHC

Constraints Pheno. Studies @ !! SummaryLong-lived CasePrompt Case
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cut & count method



Long-lived Heavy Neutrinos

16 ab!", 2 years, 2 IPs

150 ab!", 4 years, 2 IPs

22

has been updated

to 1.5×10"#

[ Zeren Simon Wang & K. Wang, PRD 101 (2020) no.7, 075046 ]
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Signal Calculation

!(∆$) = '#$$/& − '#$%/& ,
probability of decaying between $' and $( ($' < $()

z

x

y

!" !#

(x2 , y2 , z2)

(x1 , y1 , z1)

L	=	z2	- z1

H = y2 - y1

x2 - x1 = B

Far detector

Near detector

O

D

$%

in the lab. frame:

) = *+ ,- =
.

/

/

0
+- =

.

0
+-

Average Decay Probabilities in FD

Depends on theory model parameters (kinematics,
mass, lifetime) & geometry of FD
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Kinematical Distributions
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LHC 14 TeV: mN=1 GeV

LHC 14 TeV: mN=40 GeV

@ pp: very forward direction
@ ee: more in the transverse direction

FDs in the very forward direction like FASER may not work at ee colliders.
Better to be installed in the central region.
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Limits @ Z-pole

1 → 34 @ 6 = 91.2 GeV

25
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750 ab#', 10 years, 4 IPs;
or to increase the instantaneous
luminosity;
or to relax the theoretical
assumptions

Can test the Type-I seesaw directly!

1 → 34 @ 6 = 91.2 GeV

26
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Summary

Long-lived N with ND &with FDs: '#') → 1 → 34 @ Z-pole, 150 ab-1

= (~10#'* ; Could test the Type-I seesaw directly with more luminosities.

More signal signatures, especially those limits can be competed with LHC,
need to be investigated.

Already a few CEPC pheno. studies focusing mainly on the single N production
from Z/h rare decays.

27

Heavy Neutrinos are important physics targets @ future lepton colliders.
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prompt N: '#') → 1ℎ → (AA)(33) @ 240 GeV, 5.6 ab-1

BC ℎ → 33 , sin H (~ 10#+, comparable to HL-LHC 


