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The Standard Model (SM)

Spin-1/2 fermions
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and their interactions (expect gravity)
# Neutrino oscillations suggest m, > 0

® Non-zero neutrino mass is not included in SM
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¥ Seesaw mechanism explains light
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@ Introduce right-handed states known as
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The Standard Model (SM) 5 SM Extension with 3 HNLs
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@ Best-known description of fundamental particles @ Introduce right-handed states known as
and their interactions (expect gravity) heavy neutral leptons (HNLs)
# Neutrino oscillations suggest m,, > 0 ¥ Seesaw mechanism explains light
# Non-zero neutrino mass is not included in SM neutrino masses
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/forFRYE Sterile neutrino I

Minimal scenario

The basic Lagrangian for the model is given by
1
Z D N*&”aﬂN— [EMNN+yLHN+ h.c.]

Seesaw mechanism — mass mixing:

0 wyv ” y2v? _
(I/N)(yUM><N>:>mV M,mN M

Heavy neutrino, or heavy neutral lepton
(HNL), inherits weak interaction of light
neutrino v/l
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Beyond the minimal scenario E

A

If sterile neutrinos couple to heavy new physics at A A4

o0 1 1y
_ (d) ;5(d) NzSMEFT
2 = Lsmn Z Ad—4 Z 6" 0; w
=35 l
EW +
Neutrino magnetic moments
NRLEFT
.
Liim 5 O daVLgou F*"" N Ny
’ GeV +
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= B/W?
Above EW scale dy = — (dB cos Oy, + d7wsin ew)

v V, \/§
X N v (d
” g dz = \/§ 5 cos dB sin 0
L > L(dyW4¢,* + dgB,,)Ho, ,Np + H.c. v dw
dy = —-24/2
1% ol
l SSB {mn,dw,dB}
LD dw(bﬂL I,l!)"u ND) + VL [dy uv dZ IJ]O-MDND + H.c. dW =a X dB
I' 1 d~(acos by, — 2sinf,,)
Z [ 2cosB, + asinb,)
£ 5 ko PN + He. T
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YZ, W. Liu, Phys.Rev.D 107 (2023) 9, 095031




A fo, 2 # 4 & HNL production at low energy
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() /A fo 2 K Y HNL production at high energy I

LD dy(¢1W;,6"Np) + i |d,F,, —d;zZ,,)6"Np + H.c.

p ¢H/N P 5/N

el LHC
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Long Lived Particle Detectors

IP TAS D1 TAN D2 Insertion
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Approved experiment

Arc —
‘ - FASER
300 400 {500 LUm]
0 5;I1 10m
Ri12 uJ12
P e e
Ok

FASER
LLP
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T2
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YV

LLP Shielding
usually rock

Detectors L, [m] Ly [m] Lyy [m] L. [m] Luminosity [fb~1]
FASER-2 — — [0, 1] [475, 480] 3000

MAPP-2 [3, 6] [—2, 1] — [48, 61] 300

FACET - - [0.18, 0.5] [101, 119] 3000
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1_)[)

« We focus mainly via the on-shell decays of light meson

TABLEI. Production cross sections of mesons at the 14-TeV LHC in the forward hemisphere [102]. For the charged mesons, the given
cross sections are only for one of the two charge-conjugated states.

Meson Cross section [fb] Meson Cross section [fb] Meson Cross section [fb]
p° 1.86 x 10" n° 1.54 x 10" n* 1.35 x 10%°
) 1.74 x 1014 n 1.69 x 1014 K* 1.57 x 1014
¢ 2.09 x 10" n 1.81 x 10" D+ 8.48 x 10"
J/y 3.93 x 10'° DT 2.70 x 10"
Y(1S) 5.30 x 10® B* 8.23 x 10'°

D. Barducci, W. Liu, A. Titov, Z. Wang, YZ, Phys.Rev.D 108 (2023) 11, 115009
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Cad A fez 44 2 Production at the LHC by Meson Decay I

« We focus mainly via the on-shell decays of light meson

2 2 2 4
0, W) = VTV 202 a2 (TN MmN _ oMy
D (V0 - 1) = 2V 22 e ( m%) (1+m% m%)
dl’ (P = v N) 1 q* m4 0 —\ (2
dg? dcosf - 512m3mp (1 N m?P) ( B qz) M (P = yval))|

dl' (P~ = ~y(,N) \/)\ (¢%, mp,mg,) m3, _ = (2
dg? d cos 6 B 512m3ms, ( B q_z) |M (P 7t N)|

D. Barducci, W. Liu, A. Titov, Z. Wang, YZ, Phys.Rev.D 108 (2023) 11, 115009
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* J/» and Y decay branching ratio into N 1s large, but the number of them at the LHC 1s small
* The dominant production is from p°, ¢, w, ™, 7%, n decay
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Afor st Results from Meson Decay
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 Benefit from large number of meson produced at the LHC, the sensitivity can surpass the
current limits
 Projection at the SHIP and DUNE can be even better see 1803.03262 and 2210.13141

» Usage of the FASERwv can extend the sensitivity, see 2011.04751
D. Barducci, W. Liu, A. Titov, Z. Wang, YZ, Phys.Rev.D 108 (2023) 11, 115009
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Az #% ¢ Production at the LHC by Bosons Decay
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p ¢t/N P v/N dwzaXdB
W/~ Z[y i, — d~(acos by — 2sinb,,)
2cos b, + asinf,

p N/ P N/v ; V2ad,

* We focus mainly via the on-shell decays of W/Z, YT 9cosO, + asinb,,

« the EFT should be valid with A > My d

{mN& Y Ol}

U o Rann AAas /inns nany nans nans nnns nansnan- TR (o s as B e A B

1 | . E Scenario Assumptions Relations

L 106 W, Scenario B -

“/ 1 o 7. Scenario B ] A dw =0 d7 = —d}, tan by, dw =0
R 1.7k B dyy = 2tan6,, x dp dz = 0,dw = +/2d,, sin 6,
R I / 1"k ] C dw = —3 x dp dz ~ 11.250 x d,,

N I.',I ? 103;— Z.y. Scenario A : —; dW ~ 13258 X d}/

oy |l Ea D dyw = —3.73 x dp dz ~ 139.55 x d;

b, =10 ll ] §:f,=1o--*l | | | E dw ~ 173.52 x dy

B R 1w T o e

my[GeV]

+ The cross section can be high, and depend on a = d g/d 1y _
W. Liu, YZ, Eur.Phys.J.C 83 (2023) 7, 568
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1078 =
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Left is the flavor universal coupling case, right for d ; dominance

The current limits from neutrino scattering are strong for e, u flavor

Less Tlimits, since hard to get v, source

Better sensitivity for d , with LLP searches! ~ W-Liu, ¥Z, EurPhys.J.C 83 (2023) 7, 568
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BESIII detector _ Super Tau Charm Facility (STCF |

Linear accef®fator Dampring  Storagering
agam| | g—65m
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2., ~‘Detector
= e

S

* E,,=2-7GeV, L=0.5x10% cm?s

i | \\\\\\\\\\“‘“M% .‘ i | ] . * Potential for upgrade to increase L and realize polarized beam

Y

* Site area: 1 km?
* 2021 - 2025: Key technology R&D, 0.42 B CNY.
¢ 2025 - 2031: Construction, 7 years, 4.5 B CYN.
* Operating for 10 years, upgrade for 3 years, operating again for another 8 years.

_(\In:;;icc::\on Belle Il detector ‘\/-E << M Z

Vs =

electron / positron
linear injector

e s o o

7 = i

positron damping ring
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Production at

electron colliders
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OPAL collaboration, Z. Phys. C 65 (1995) 47 w;' 4 T T -
3 — ] S %
LEP1 T} o vesm, 7 —~y—+invisible ° L3
i Vs =m; ® 3F 4
E . Vs<m, o«
8 L3 collaboration, Phys. Lett. B 412 (1997) 201 2
B F 5
g €2t 1
s } o
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§ 7l L‘i § : 1 1 1
* 2 ; T 5 6 78 Q‘!ID - 20 30 40 50 : o 20 30 40
Minimum energy (GeV) mln (GeV)
scan-points. The 95 % CL upper limit on the cross-section 95% C.L. upper limit of 3.2 x 10~% with E7 > 15 GeV
at the Z° peak for production of a single photon with energy
exceeding 23 GeV is found to be 0.15 pb. For models in
DELPHI collaboration, Eur. Phys. J. C 38 (2005) 395
I—EP2 Vs 200-209 GeV 7 invisible Phys.Rept. 427 (2006) 257
< s> 205.4 GeV
Nobserved 190
HPC Nbackgrouna 0.1 new physics contributions T3, . o < 2.0 MeV at 95% C.L.
0.06 <zy <1.1 Nete— Sy 198.1£2.0
45° < 0, < 135° Omeas (Pb) 1.5040.11
Ouiy(y) (Pb) 1.61
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2
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) A 6o 2 KA Four typical scenarios I

Scenario Assumptions Relations
I dy = dz = —dytanf,,; dy =0
Il dp =0 €a=9>  dy=d, cotby; dy = v2d,/sinb,
111 dyw = 2tanf, x dp dz = 0; dw = V2d., sin 6,
IV |dw = —2tanb,, x dp|dz = —d., tan(20,,); dw = —\/Ed,}, sin 6,, /cos(26,,)

~ dy(acosby, — 2sinb,,)

L
N
|

2cos B, + asinb,

\/Qad,},

2c0s 0, +asinf,
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* The current constraints basically
do not dependent on the ratio a,
since the typical scattering
energies are far less than the
electroweak scale.

®(Gray regions for all 3 lepton flavors
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. A fox ¥ KL Summary I

€ The more general dipole couplings to HNL which respect the full
gauge symmetries of the SM are considering.

€ \We present the constraints on various electron colliders and LHC by
Long-lived Particle Detectors.

€ The constraints on active-sterile neutrino transition magnetic
moments dependent on the model at high energy colliders.

€ The current constraints basically do not dependent on the ratio a,

since the typical scattering energies are far less than the electroweak
scale.
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