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Heavy Neutrino Models

Discovery of neutrino oscillations => neutrinos have mass v
- In SM, neutrinos are massless
- A window to BSM physics

Type-l see-saw: Singlet (Sterile) Fermions Interactions: [0901.3589]
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Simplified model with assumption for collider searches:
Assumption: Dirac/Majorana, # of Ns
Free parameters: my, |Viel? |Vnul? |Vin:|?




N Productlon @ pp Colliders
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almost unobserved mostly studied, can confirm LNV

(I'F or I=+MET suffer from huge BG) (important for my < 1 TeV)
[L. Bai, Y. Mao and K. Wang, PRD 107 (2023) no. 9, 095008]
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(More important for my > 1 TeV) (no resonance enhancement)



N Production @ ee Colliders
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mostly studied @ Z-pole
(important for my < my)

e

contribute to signal
(important for large my, )
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can confirm LNV
(important for large m,, , need large +/s)



N Productions & Limits

N Production @ pe Colliders

e RN,
mostly studied, can confirm LNV
(sensitive to wide range, esp. my > my)

[H. Gu, Y. Mao, H. Sun and K. Wang, JHEP 09 (2023) 152]
[H. Gu and K. Wang, PRD 106 (2022) no. 1, 015006]
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Motivation Prompt N Studies Long-lived N Studies
Global Constraints

[Deppisch, Dev and Pilaftsis, New J. Phys. 17 (2015) 085019] Mmy: 0.1 ~ 500 GeV

DELPHI
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Discussion
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Probe |V |

Signal @ pp Colliders [L. Bai, Y. Mao and K. Wang, PRD 107 (2023) 095008]

—
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both taus are required to decay leptonically FIG. 4. Upper limits on mixing parameter |Vy|* for the heavy
into muons neutrino mass in the range of 10 to 1000 GeV, based on our

derivation from measurements of rare Z-boson decay at the LEP

. [66] and the electroweak precision data (EWPD) [63,67-71], and

MVA-BDT method to reject the bkg analyses of the pp — vz~ jj signal at the HL-LHC and SppC/
FCC-hh.
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Signal @ pe colliders

Ven|? = [Ven? = |Van|?

~_.
R
N

both hadronic 75, and leptonic 7, final
states

MVA-BDT method to reject the bkg

Probe |V_\/|?

[H. Gu, Y. Mao, H. Sun and K. Wang, JHEP 09 (2023) 152]

1
+ g 20 LHeC L
107 a
i = 26 FCC-ehL
10° |® — 20LHeCH

10° - — 26 FCC-eh H/

D
-
*

IV inf

[ e o Y (S

] >

10k

10—7: e | ) ) P W e I A
102 10°
m, [GeV]

Figure 8. Assuming the mixing parameter |Von|* = |Ven|* = |[Ven|?, the discovery sensitivities on
[Vyn|? at 2-o significance as the heavy neutrino mass changes from 10 to 3000 GeV for Hadronic 7,
(H) and Leptonic 7, (L) final states at the LHeC and FCC-eh. The constraints from EWPD [47-
51, 53] (green solid line) and DELPHI experiments [46] (purple solid line) are derived and displayed
in the same plot for the comparison, see more details in appendix A.
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Probe |V\|? & Discover a Majorana N

Signal (@ pe colliders

|VfN|2 — |VeN|2 — |VﬂN

P

2

FIG. 1. The production process of the LNV signal via a
Majorana heavy neutrino N at ep colliders.

TABLE I. The production cross sections of dominant back-
ground processes at the LHeC and FCC-eh.

o (pb) LHeC FCC-eh
B1 urute jjj 0.58 2.1
B2 Wt v g 8.6 x 102 0.39
B3 wyejjj 0.28 1.6
B4 W, jjj 8.1 x 107 9.3 x 1073

MVA-BDT method to reject the bkg

[H. Gu and K. Wang, PRD 106 (2022) no. 1, 015006]
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FIG. 5. 20 and 5¢ limits on mixing parameter |V,y|? for the
heavy neutrino mass in the range of 10-1000 GeV at the LHeC
and FCC-eh. Also shown are the current experimental limits at
95% confidence level from the trilepton searches (CMS,
35.9 b1, 37 [24], CMS, 137 fb~!, 37 [26], and ATLAS,
36.1 b1, 37 [27]) and dilepton searches (CMS, 35.9 b1,
2¢ [25] and LHCbD, 3.0 fb~!, 2# [28]) at the LHC.
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Idea of LLP searches @ colliders

When a LLP produced at 0 (usually

the IP), A l&

Probability of still existing (does I/

not decay) at L ; )
P(L) = e~L/4 ; /

where decay length 1n the lab. frame D 4‘04_—-6_' >Z

A= pyer=(5) () _—

Kinematics lifetime 1n the rest frame




Long-lived N Studies

Near Detector @ LHC

[K. Cheung, K. Wang, and Z. S. Wang, JHEP 09 (2021) 026]

Figure 4. Feynman diagram of the signatures. We require at least one neutralino or HNL to decay
into the ejj final state, as well as one hard prompt ISR jet in the event analysis.

Signal rate

NN =N . L£-Br(N — ejj)-2- €V, (4.2)

where N4 ~ 1.9 x 10! is the total number of Z-bosons resonantly produced with 3 ab™!
integrated luminosity [78], oV is the inclusive scattering cross section of pp — Z’ — NN
calculated by MadGraph5 at the leading order (see the right plot of figure 2), and €4 and
eV are the event acceptance rates including the requirement of one hard ISR prompt jet.
Br(x} — e us or etus) = 0.5, and £ = 3 ab~! labels the integrated luminosity at the
HL-LHC. Finally, the factor 2 that appears in both eq. (4.1) and eq. (4.2) accounts for the
fact that in each signal event a pair of LLPs are produced and we require only one of them

to decay into the specified final states.

!

Timing layer

2

[Jia Liu, Zhen Liu and Lian-Tao Wang, PRL 122 (2019) 131801]

Key observable: timing information

The time delay, At, is computed as follows,

At = tgrrival - tf)rompt’ (31)
where €<, = éﬁi + le is the arrival time of the electron at the MTD, with Irrp (le)

being the distance traveled by the LLP (displaced electron) before the LLP decays (the
electron hits the MTD), and SrLp being the speed of the LLP, while %, is the time
when the electron would arrive at the same position, had it been promptly produced at the

IP and traveling with the speed of light.
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Long-lived N Studies

Near Detector @ LHC

[K. Cheung, K. Wang, and Z. S. Wang, JHEP 09 (2021) 026]

—

Figure 12. 95% C.L. exclusion limits on ¥ when varying cry, for my = 200,500, and 1000 GeV.
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Far Detector @ LHC
SND@LHC and FASER

Symmetric - 480 m away from ATLAS IP

Complementarity - different n range

Current running FD experiments @ LHC
Suitable experimental environment [http://www.ship-korea.com/SND.html]
LHC magnet - deflect charged particles .
100 m rock - absorb residual hadrons [https://faser.web.cern.ch/index.php/]
[https://snd-lhc.web.cern.ch/]
{4y \
C’oo,,e G Charged Charged LG wnne [2210.02784, SND@LHC: The Scattering and Neutrino
S o particles WG Detector at the LHC]
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Far Detector @ LHC

Signal & Sensitivities for SM v with EFT Operator

[Y. Mao, K. Wang and Z. S. Wang, arXiv: 2305.03908 ]

N§ et e pt wo
FASERv 1.5x107% 85x 1071 7.7x1071® 2.0x1071°
SNDQLHC |22x107 15x107* 3.7x107'* 93 x 10715
) FASER/2 |[2.0x10712 13x10712 1.0x10712 24x10713
RN . li AdvSND(far) | 7.7 x 10713 50x 10713 12x 10712 21 x10713
FLArE-10 | 6.6x 10713 36x1071% 1.0x107'?2 4.6 x10~*
FLArE-100 | 62x10712 29x10712 85x10712 1.3x 10712
Z — 7!

Table 4. Table of numerical results of N¢ for light neutrino produced via an s-channel W-boson
decay and scattering via the dim-7 LNV operator €;;(L‘Cy,e)(dy*u)H? with a coefficient 1/A3 ~
1/(5 TeV)3, where the neutrino helicity flip is not included.

v
NS =0, -L- €trigger * €window ° <€h. f.* Pscatt.>

larger than four. A general framework with such operators including the neutrinos is known
as the Standard Model Effective Field Theory (SMEFT) (see Ref. [91] for a review). In
particular, SMEFT higher-dimensional operators which are LNV and include two quarks,
one charged lepton, and a neutrino, arise at mass dimension 7 [92, 93].* Here, we focus on
the operator €;;(L'Cryy,e)(dy*u)H? with Wilson coefficient labeled as 1/A3, where H is the
Higgs doublet, ¢;; is the SU(2) index tensor, C is the Dirac charge conjugation matrix, A
denotes the new-physics scale, leading to the neutrino-nucleus scattering into an electron

Only method to confirm LNV / Majorana nature of v at colliders !

19



Motivation

N Productions & Limits Prompt N Studies Discussion
Far Detector @ LHC

Signal & Sensitivities for N

Ng'

Oy

BR(W — ev)

. BR(Wi — ei N) -L- €trigger * (Pdecay> ’ BR(N - eijj/M:F)

[Y. Mao, K. Wang and Z. S. Wang, arXiv: 2305.03908 ]

W-boson, 20
107!
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10-%
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Figure 3. 20 exclusion-bound plot for the displaced-vertex search associated with same-sign
prompt and displaced leptons, produced from a W-boson decay at the IP and from the N decay in
the far detectors, respectively. The gray area is the currently excluded parameter region, extracted
from Refs. [102-106]. The solid lines are the sensitivity reach of the considered experiments with
the LNV searches from this study, while the dashed lines correspond to inclusive displaced-vertex
searches for HNLs produced from D and B-mesons’ decays, as well as W-boson decays (important
for ANUBIS and MATHUSLA only), extracted from Refs. [56, 58, 107]. We emphasize that the
latter results cannot confirm LNV of the signal events and hence determine the Majorana nature
of the HNLs.
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N Production @ CEPC

[ Zeren Simon Wang, K. Wang, PRD 101 (2020) no.7, 075046 ] S ig nal Production
scenario |Z — Nv
LLP N
ducti
production 7
e et —
Vs [GeV] 91.2
EP
N, | CEPC _
FCC-ee
Ny, CEPC 7.0 x 10*! [16] 16 ab™1, 2 years, 2 IPs
FCC-ee 5.0 x 10*? 120] 150 ab~1, 4 years, 2 IPs
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Far Detector Designs

Near and Far Detectors @ CEPC

Far detector

(X3, )5 Z,)

V [m®] |B [m]|H m]|L [m]| (z1,y1,21) [m] | (z2,y2,22) [m] |D [m]
-5, -2 1 2
FD1 |5.0x 103| 10 | 10 50 (5, -5, -25) (15, 5, 25) 5
— (10, -5, -25) (20, 5, 25) 10
-1 1 2
FD2 [8.0 x 10°| 200 | 20 200 (-100, 50, 50) | (100, 70, 250) 50
(-100, 100, 100) | (100, 120, 300) | 100
- - 1 1
FD3 [8.0 x 10°| 200 | 20 200 (-100, 50, -100) | (100, 70, 100) 50
S (-100, 100, -100) | (100, 120, 100) | 100
FD4 [8.0 x 10°| 100 | 80 100 (-50, 50, -50) (50, 130, 50) 50
(-50, 100, -50) (50, 180, 50) 100
-1 -100 100, 130, 100 50
FD5 (3.2 x 10%| 200| 80 | 200 (-100, 50, -100) | (100, 130, 100)
(-100, 100, -100) | (100, 180, 100) | 100
- - 1 50
FD6 |8.0 x 107| 1000 | 80 | 1000 (-500, 50, -500) | (500, 130, 500)
" (-500, 100, -500) | (500, 180, 500) | 100
-1000, 50, -10 1000, 70, 10 50
FD7 8.0 x 10°| 2000 | 20 20 ( ’ ,-10) | ( )
(-1000, 100, -10) | (1000, 120, 10) | 100
-1 -1 1 1
FD8 |8.0 x 10°| 20| 20 |2000 (-10, 50, -1000) | (10, 70, 1000) 50
(-10, 100, -1000) | (10, 120, 1000) | 100

o
b e e sl g

> 7

- |
o L L L B B BB

Near detector

Simple shape: cuboid, similar to MUTHUSLA
Varying: position & geometry size

22



‘VaN|2

Long-lived N Studies

Near and Far Detectors @ CEPC

Z > Nv @+/s =91.2 GeV

»CZ = 16 ab_l
107 5
1075 4
1076 -
1077
107° 4
1079 5
10-10 J EDI:
1 FD3:
10_11 E i
§ )/,De\/ SQSSGW
10-12 _ FD6 : D = 50 m (dashed), 100 m (solid) targe; reg;
] FD8: D = 50 m (dashed), 100 m (solid)
10713 ——— —
10_1 100 101

mpy|GeV]

Van|?

10—10

100" Y FD1:D= 5m (dashed), 150 ab~"

10-12 { FD3: D =50 m (dashed), 150 ab~!
FD6 : D = 50 m (dashed), 150 ab™"
1078 =
1071 10° 10! 10?

my|GeV]



Van|?

Long-lived N Studies

Near and Far Detectors @ CEPC

Z > Nv @+/s =91.2 GeV
L, = 16,150,750 ab~ !

—4
10 ; \0-\ \\‘
] \ \\.
105 4 o
1076 -
1077
108
; & o
10-2 { . ‘ '
1 ED3: D =50 m .
1071° 4 FD6: D =50 m 5 . NN L\
_ ee W .
1 dotted: £; =16 ab™ ! =l targe , N X
10_11 E o =7 > 2 ¥ \\‘.
1 solid: £z = 150 ab T ]
1012 - dotdashed : £ = 750 ab™* \\\\.//I
10713 { dashed : £7 = 750 ab™", [V |2 = |Vun |2 = |Von |2
10~ 10° 10! 107

my|GeV]

750 ab™1, 10 years, 4 IPs;

or to increase the instantaneous
luminosity;

or to relax the theoretical
assumptions

Can test the Type-I seesaw directly!
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Summary & Discussion

¢ Big experimental & theoretical problems in fundamental physics
imply new physics.

¢ Test various theory models & find one key to new physics.
¢ HNL is one important direction.

¢ HNL searches at pp, pe & ee colliders.

= Prompt & long-lived studies

- Probe |V_\|?, discover a Majorana N

- Near & far detectors

¢ Complementarity & synergy.
25



Backup Slides

[L. Bai, Y. Mao and K. Wang, PRD 107 (2023) 095008]
TABLE I. Production cross sections of signal process with

my = 50 GeV and |V y|[*> = 107, and dominant background
processes at the HL-LHC and SppC/FCC-hh.

o (pb) HL-LHC SppC/FCC-hh

S Tt jj 0.180 1.12

Bl Wtjj 1.21 x 10° 1.31 x 10°
B2 Zjj 1.10 x 10* 1.25 x 10°
B3 W*Zjj 3.44 x 10? 5.67 x 103
B4 WHW-jj 1.68 x 10? 2.32 x 10
B5 ZZjj 1.03 x 10? 1.56 x 10°
B6 1t 5.97 x 107 2.47 x 10*

Br(Z - Nv,,Nv,;) < 1.3x107°

the modifications in /7, and oy

127'[1—‘Z—>e+e‘ 1—‘Z—>had
oy —

212
mz17
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Backup Slides

[H. Gu, Y. Mao, H. Sun and K. Wang, JHEP 09 (2023) 152]

o [pb] LHeC FCC-eh
Bl rtr e jjj  0.22 0.86
B2  7TTTegd) 0.052 0.29
B3 rtv.ejjj 0.28 1.6
B4 rtruvegji 8.2x1076 9.3x107°
BSa  vejjjj 309 1159

Table 1. The production cross sections of background processes at the LHeC and FCC-eh for the
hadronic 7, final state.

o [pb] LHeC FCC-eh
Bl 7t e jjj 0.22 0.86
B2 7tt77wejjj  0.052 0.29
B3 TttureTjjj 0.28 1.6
B4 7tuugij  8.2x107% 9.3x107°
B5 utuTe jjj 0.58 2.1
B6 ptuvejjj 8.6x1072 0.39
B7  utvuejjj 0.28 1.6

B8 utuejjj 81x107¢  9.3x1075

Table 3. The production cross sections of background processes at the LHeC and FCC-eh for the
leptonic 7, final state.

Br(Z - Nv;,Nv;) < 1.3x107°

obtain the modification of the Z-boson total decay width as

'z Gw 2 2 2 my
e G—F{1+o.175|VeN| —0.133 (|V6N\ +|Ven| ) (1 - f (m—z)) . (A.16)
If my > mgz, eq. (A.16) becomes
rz 2 2
=1+40.541|V.n|" — 0.133 |V n|". (A.17)
'z sm
Some useful observables in EWPD study are defined as [103, 104]
r r G
RZ = Z—had , Rq = Z—qq , nd
Tzsere- Iz had
127 T -T
OH = Oete~—Z—had = W- (A.18)
mzlz

|VTN| 2 IVTNl 2
21 . 2}
10 P my=T0Gev 10 bl my=120Gev
i |1---20LHeCL H ok -=- 20 LHeCL
1 1 Ld 1 I
, ! |}— 20LHeCH : P — 20 LHeCH
107°F i |1-=- 20 FCC-enL? 10°F |1 --- 20 FCC—ehL
E ':— 20 FCC—eh H i :. — 20 FCC-¢hH
R b
1074} ': \ 104} :l
1 1
W\ |
sk 5
10 S S 105}
. ; S N , , ; L (V] 2
05 10¢ 100 102" 10~ 10 1073 102!
Venl 2 Venl 2
21 21 : i
10 ]! my=300Gev 10 P omy=900Gev
V) === 20 LHeCL ! === 20 LHeCL N\
) 1 \,
Bl E —— 20 LHeCH i —— 20 LHeCH Seee
103} ! | == 20 FCC—ehL \ | === 20 FCC-ehL
i '.I — 20 FCC-¢h H 107 Il — 20 FCC-eh H
il \
AR \
1074f VA \
A 1
\ 1074} \
10—5 L
n n n A " n s Yl 2
10 107 10~ 102! 10~ 107 102!

Figure 9. Assuming my = 70, 120, 300, 900 GeV, the 2-¢ sensitivity curves for the Hadronic 7
(H, solid) and Leptonic 7, (L, dashed) final states at the LHeC (red) and FCC-eh (blue) in the
|V.n|? vs. |[Ven|? plane, where the top right parameter space of the curves are excluded. From
appendix A, yellow regions in all plots are allowed by the EWPD [47-51, 53], while the cyan region
in the top left plot is allowed by the DELPHI measurement [46]. Constraints on |V.x|? from the
LHC experimente 126 37 39] are shown as black dotted line, which appears only in the top left
plot, because nstraints are too weak for large my.
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«=uss neutral

Signatures of LLPs in ND

= charged HSCP
When A4 ~ O(1) m,

displaced B BSM
| dilepton M lepton
any charge M quark
photon
| 2, W anything
. .. disappearing X | ’ displaced
Mainly decay inside the near irack \ lepton
detector (T
Appear as displaced vertex SR T
displaced , “, ".,’ displaced
) . dijet - _ ’.‘ photon
Various final states depending ke
on different decay products - v
displaced \

not pictured:
| displaced out-of-time decays
VEIex conversion

Figure from [A. De Roeck, Phil. Trans. Roy. Soc. Lond. A 377, 20190047 (2019) ]
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Backup Slides
Signatures of LLPs in FD

When A ~ 0(100) m,

Mainly .travel through and acts as missing Far detector (%2, 92 7))
energy in the near detector. ¥
( ‘) I
5 . X15 V15 Z
Far detector 1s more likely to observe the e /
decay process, and reconstruct the time, ! x

position, direction, momentum, mass, etc.

o e——rr e R e e e 1 > 7
Far detector can enhance the discovery

potential for LLPs with very long decay
length.

Near detector
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Proposed Far Detectors @ LHC

MATHUSLA; FASER2, FASERVZ,
AdvSND, FLArE, FORMOSA;
CODEX-b; AL3X; ...

\ \ $ Y 40 &)Y
B\ ,\7 jz’b  “i 2 - ,‘vjaif
NS 3 7 4 WAL X

[2203.05090, The Forward Physics Facility at the
High-Luminosity LHC]

ssssss

Plan v

A}
| AdvSND
iew - Cavern

" . 4 /

Figure 1: The preferred location for the Forward Physics Facility, a proposed new cavern for the
High-Luminosity era. The FPF will be 65 m-long and 8.5 m-wide and will house a diverse set of
experiments to explore the many physics opportunities in the far-forward region.
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Kinematical Distributions N Production @ CEPC
0.3 Z SNV @ pp: very forward direction
— 0257 - (@ ce: more 1n the transverse direction
O o2 ! L
45 ’ 15“; i' e" e’ 91.2GeV: my=1 GeV
9 | ! e"e* 91.2 GeV: my= 40 GeV
L 0.1 I"‘. Ir-a' ----- LHC 14 TeV: my=1 GeV
0.02 \ T LHC 14 TeV: my=40 GeV
0° 90° 120° 150° 180°

On

FDs 1n the very forward direction like FASER may not work at ee colliders.
Better to be installed in the central region.
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