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实验上:

基础物理目前存在的大问题

何为暗物质？
如何解释标准模型中微子质
量？
为何宇宙中反物质很少？
何为暗能量？
…….

可观测宇宙中不同成分的组成

暗物质存在的证据：子弹状星系团
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理论上:

希格斯粒子质量的自然性问题？
量子色动力学中的强CP问题？
强相互作用和电弱相互作用的统一？
引力相互作用的统一，量子引力如何实现？
粒子味存在的原因？
………..

基础物理目前存在的大问题
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新物理
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各种新物理理论模型
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Heavy Neutrino Models
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:
Assumption: Dirac/Majorana, # of Ns
Free parameters: mN , |VNe|2, |VNμ|2, |VN𝜏|2
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S erile Neu rinos (II)

Phenomenological Assump ion:

mN , VαN (α = e, μ, τ), Dirac/MajoranaFree Paras:

In erac ions:

ONE generation of sterile neutrinos
is within experimental reach.

0901.3589
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S erile Neu rinos (II)

Phenomenological Assump ion:

mN , VαN (α = e, μ, τ), Dirac/MajoranaFree Paras:

In erac ions:

ONE generation of sterile neutrinos
is within experimental reach.

0901.3589

S erile Neu rinos (I)

"for the discovery of neutrino oscillations, which 
shows that eutri os have mass"

New Degrees of Freedom
beyond the Standard Model !

  Type-I See-Saw: Single  Fermions

 Type-II See-Saw: Triple  Scalars

Type-III See-Saw: Triple  Fermions

S erile

3
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S erile Neu rinos @ LHC (I)

Datta, Guchait and Pilaftsis, PRD 50 (1994) 3195
Han and Zhang, PRL 97 (2006) 171804
Bray, Lee and Pilaftsis, NPB 86 (2007) 95
del Aguila, Aguilar-Saavedra, Pittau, JH P 0710 (2007) 047
Atre, Han, Pascoli and Zhang, JH P 0905 (2009) 030
....

Main Produc ion Channels:

Suppressed!

mos ly s udied, impor an  for mN < ~1 TeV

more impor an  for mN > ~1 TeV

Dev, Pilaftsis and Yang, PRL 112 (2014), no. 8 081801
Alva, Han and Ruiz, JH P 1502 (2015) 072
Das and Okada, 1510.04790
....

almos  unobservable 
(final states: ,
huge LHC bkgd)

may relevan  for SPPC
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can confirm LNV
(no resonance enhancement)

N Production @ pp Colliders

almost unobserved
(l+l- or l±+MET suffer from huge BG)

mostly studied, can confirm LNV
(important for mN < 1 TeV)

can confirm LNV
(More important for mN > 1 TeV)

[L. Bai, Y. Mao and K. Wang, PRD 107 (2023) no. 9, 095008]
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mostly studied @ Z-pole
(important for 𝑚! < 𝑚")

contribute to signal
(important for large mN )

can confirm LNV
(important for large mN , need large 𝑠)

N Production @ ee Colliders

9

Motivation DiscussionPrompt N StudiesN Productions & Limits Long-lived N Studies



N Production @ pe Colliders

mostly studied, can confirm LNV
(sensitive to wide range, esp. 𝑚! > 𝑚")

can confirm LNV
(need large 𝑠)

[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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Global Constraints
mN: 0.1 ~ 500 GeV[Deppisch, Dev and Pilaftsis, New J. Phys. 17 (2015) 085019]
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[L. Bai, Y. Mao and K. Wang, PRD 107 (2023) 095008]

Probe |VτN|2
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both taus are required to decay leptonically 
into muons 

MVA-BDT method to reject the bkg

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

Probe |VτN|2
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Signal @ pe colliders

both hadronic 𝜏#	 and leptonic 𝜏$	final 
states

MVA-BDT method to reject the bkg
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[H. Gu and K. Wang, PRD 106 (2022) no. 1, 015006]

Probe |VlN|2 & Discover a Majorana N
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Signal @ pe colliders

MVA-BDT method to reject the bkg
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Idea of LLP searches @ colliders

𝑃(𝐿) = 𝑒!"/$	

Probability of still existing (does 
not decay) at 𝐿   

When a LLP produced at 0 (usually 
the IP), 
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where decay length in the lab. frame

𝜆 = 𝛽𝛾 𝑐𝜏 =
𝑝
𝑚 𝑐𝜏

Kinematics lifetime in the rest frame
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[K. Cheung, K. Wang, and Z. S. Wang, JHEP 09 (2021) 026]

Near Detector @ LHC

Signal rate Key observable: timing information
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[Jia Liu, Zhen Liu and Lian-Tao Wang, PRL 122 (2019) 131801]



Near Detector @ LHC
[K. Cheung, K. Wang, and Z. S. Wang, JHEP 09 (2021) 026]
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[http://www.ship-korea.com/SND.html]

[https://faser.web.cern.ch/index.php/]

[2210.02784, SND@LHC: The Scattering and Neutrino 
Detector at the LHC]

[https://snd-lhc.web.cern.ch/]

Far Detector @ LHC
Current running FD experiments @ LHC
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Far Detector @ LHC
[Y. Mao, K. Wang and Z. S. Wang, arXiv: 2305.03908 ]

Signal & Sensitivities for SM 𝜈 with EFT Operator  

19

Only method to confirm LNV / Majorana nature of 𝜈 at colliders !  
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[Y. Mao, K. Wang and Z. S. Wang, arXiv: 2305.03908 ]
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Far Detector @ LHC
Signal & Sensitivities for N
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16 𝐚𝐛%𝟏, 2 years, 2 IPs

150 𝐚𝐛%𝟏, 4 years, 2 IPs
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[ Zeren Simon Wang, K. Wang, PRD 101 (2020) no.7, 075046 ]

N Production @ CEPC
Signal Production
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Simple shape: cuboid, similar to MUTHUSLA
Varying: position & geometry size
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Near and Far Detectors @ CEPC
Far Detector Designs
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𝑍 → 𝑁𝜈	@ 𝑠 = 91.2 GeV
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Near and Far Detectors @ CEPC



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!

𝑍 → 𝑁𝜈	@ 𝑠 = 91.2 GeV
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Near and Far Detectors @ CEPC



Summary & Discussion
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❖ Big experimental & theoretical problems in fundamental physics 
    imply new physics.

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

❖ HNL searches at pp, pe & ee colliders.

    à Prompt & long-lived studies

    à Probe |VτN|2 , discover a Majorana N

    à Near & far detectors

❖ Complementarity & synergy.



Backup Slides
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[L. Bai, Y. Mao and K. Wang, PRD 107 (2023) 095008]

Br(𝑍 → 𝑁𝜈!, 𝑁𝜈̅!) < 1.3×10"#	

the modifications in ΓZ and σH
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[H. Gu, Y. Mao, H. Sun and K. Wang, JHEP 09 (2023) 152]

Br(𝑍 → 𝑁𝜈!, 𝑁𝜈̅!) < 1.3×10"#	



Appear as displaced vertex 

Figure from [A. De Roeck, Phil. Trans. Roy. Soc. Lond. A 377, 20190047 (2019) ]
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When 𝜆 ∼ 𝒪(1) m,

Mainly decay inside the near 
detector 

Various final states depending 
on different decay products

Backup Slides
Signatures of LLPs in ND
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Signatures of LLPs in FD
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When 𝜆 ∼ 𝒪(100) m,

Mainly travel through and acts as missing 
energy in the near detector.

Far detector is more likely to observe the 
decay process, and reconstruct the time, 
position, direction, momentum, mass, etc. 

Far detector can enhance the discovery 
potential for LLPs with very long decay 
length. 
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[2203.05090, The Forward Physics Facility at the 
High-Luminosity LHC]

MATHUSLA; FASER2, FASERν2, 
AdvSND, FLArE, FORMOSA；
CODEX-b；AL3X; ...

Proposed Far Detectors @ LHC
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Kinematical Distributions
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@ 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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N Production @ CEPC
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