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Introductions

Observations:
e Accelerator

» Atomic & Nuclear processes

Dark New Physics
Heavy Neutral Leptons (Right-Handed Neutrinos), yLHN
New Physics: - |
Axion-like Particles, F(d,alf,)
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SM Neutrinos
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t+ Three active flavours of SM neutrinos: v,, v, v,

, » SM SU(2); doublet and left-handed current (Parity Violation)
e Massless due to the absence of right-handed partner (No Dirac mass, yLH¢ ) .

fe Majorana nature: I = =17 (Ma]orana mass mu 1/ 7) {

VK,CI

SU(2), doublet: (v, €), (U, ), (1, 7) >W >W >va

Vfaq
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Beyond SM Neutrino

Neutrino oscillation: Neutrinos change their flavours during propagation.

|Vf(t)> Z Uge ™ |"i(0)>’ U,. is the mixing between two flavours.

AmgL

oK oK 1
Py, = 2 UsUUgUsexp | —i—

L,
Neutrino mixing: Misalignment between the neutrino mass states and flavour states.

3
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Beyond SM Neutrinos

A possible solution to massive neutrinos: Right-handed neutrino singlet (HNL), Ny

g —_— YI/Z . HN+ h.C. gSBESCZW —_ lejLN— 1/2NCMRN+ h.C.

Yukawa

Dirac Majorana

Active-sterile mixing

0 mp (1)
W = 0 mp —U M [T m, o~ —— o 1OGe\/zO.le\/
/2 mD MR T UN O mN vN MR 10
Upper bound for neutrino mass
m
U 2 ~ 1
‘ DN‘ MR
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Beyond SM Neutrino W

* HNLs can interact with SM particles via active-sterile mixing
t* HNLs can be produced by hadron (or lepton) collisions or decays u
te HNLs can decay to leptons, quarks and hadrons ’

i HNLs can generate matter-antimatter asymmetry via leptogenesis|

N — 3v N —> PTe™
N-o¢Y%Yv N->Vy, N gqu
N — Pu, N — Ve~

Decay channels:
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Axion-like Particles (ALPs)

- Proposed for Strong CP problem in QCD
Axions: |+ Pseudo-scalar boson and interact with the quark sector|

t* Potential candidate for dark matter f.

ALPs:

' * Not necessarily interact with the quark sector
t+ Pseudo-Nambu-Goldstone boson (massive)

{+ Potential candidate for dark matter
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Current Status for HNL Searches
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P. Bolton, F. Deppisch, B. Dev

Moriond 2022

1. HNLsinteractvia |
mixing with neutrinos|

12.  Seesaw relation

- UeN‘z = m,/my |
2. More than one HNLs
4. BBN & CMB |
| excluded HNL masses]
' below GeV ( Ty < 1s) »
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Model

e HNL- ALP couplmg IS mtroduced

N

é 1 _
EPES Z ((3 a) Ny
f"i f“

* ALPs can interact with SM via active-sterile mixing
' 1+1 simplified neutrino model
- IMeV < my S 1GeV and m,
/f * A new tree level decay mode of HNLs is added N — au
' » Life time of HNLs can be changed by the new mode |

i* Low mass HNLs can be possible f_
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ALP decay

1GeV \~ [ lkeV 2.03 X 107° £ \?
7, = lsec X X X X
my m, 2 1TeV

‘ UeN

Other decay modes via loop:

a -----
4 4’”1%7 1 m?
\/EGF UeN meml%/ \/EGF <1 | 12 3)
8ae ~ 4 > — m;
167%f,
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Today — 14 hillion years
Life on earth\_ ") R~
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Inflation

Quantum gravity wall
Spacetime description breaks down
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Big Bang Nucleosynthesis (BBN)

- L= - .
— P o LT ez e gae > 4 ——

Particles are kept in thermal equilibrium if interaction rates are fast enough

Particles fall out of equilibrium as the Universe expands

Weak interactions such asn + v, = p + e~ is not in equilibrium and proton to neutron
ratio falls out |

Strong interactions bind the nucleons together (eg.n + p — D)

Other primordial elements such as *He and “He formed shortly after D

I* Extra energy injections to the plasma will impact the abundance of primordial elements]
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Big Bang Nucleosynthesis (BBN)

', nght and stable HNLs contrlbute to N ff=3+g |

HNL decay products increase the temperature for
particles in equilibrium such as electron and photon

HNL decay products modity the out of equilibrium
particle spectra such as neutrino

HNLSs typically increase the primordial abundance of

*He
e 7y < 0.02s for my > m_
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Cosmic Microwave Background (CMB)

Occur after BBN and neutrino decoupling, neutrino and photon

temperatures evolve differently

Electrons combine with protons and release photons
Occur after the last Compton scattering (I'~ < H)

Observed photon temperature nowadays 7, = 2.73K

Total radiation density is calculated by pg = p, | 1 + 3

effSM_ 299 033
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Cosmic Microwave Background (CMB)

': * HNLs already decay before BBN |
t* ALPs may impact the CMB spectrum via electromagnetic injection |

* N can be attected by photon to neutrino ratio,
, 4

Nt) = N L (2)4/3
eft eff, BBN Ty(l‘) 4

i In our scenario, the main impact on CMB is froma — vv

i* ALPs decay after BBN and before CMB

Balaz, et al, JCAP 12(2022) 027
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Cosmological History

* Boltzmann equations are used to compuBte the evolutions,
L dpy d

0Py J' P
+ 3H + = = E G711,
” (PX PX) 57 8x (27)’ [/ ]

dny ONy J d°p
+ 3Hny, = = 6
7 Mx EX (27)3 /]

ot

I+ Rates of processes are computed as flowing, yy_, y = <0X_>Yv> nf(q’z = <FX_>Y> n.t,
K, (z) [
X

t+ The Boltzmann equations are separated into time before and after BBN for HNLs |
{ and ALPs
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Cosmological History

| dYy . YR o Yo YR
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Scenario | my [GeV] |Ucn|? fo [TeV] m, [keV]
1 1071 10~10 1 1
2 10—0.4 10—9.2 102.5 1
3 - - 1 102
4 - - 10%° 1072

‘e N - av dominant

‘ * HNLs decay before BBN '

- .

o e < o

le ALPs decay between

BBN and CMB

Scattering only
dominant in the early
time

i * ALPs decay dommantly
* m later tlme
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Results

Scenario | my [GeV] |Ucn|? fa [TeV] m, [keV]
1 1071 10~ 10 1 1
2 10—04 10—92 1025 1
3 - - 1 102
4 - - 10%° 10~2

0.1AN ¢ = 0.0384 at CMB

Seesaw band 1meV < m, < 100meV

Stronger couplings give less constraints
on the parameter space

£, > 10°TeV, SBBN dominant

Lighter ALPs contribute more to N¢f

e e T T
SBBN for HNLs o
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Scenario | my [GeV] |Ucn|? fa [TeV] m, [keV]
Results , . . o |
9 10-04 1092 102-5 1
3 - - 1 102
4 - - 102° 10~

SN1987 excludes relatively high mixing
for 10MeV ~ 1GeV masses

HNLs and ALPs contribute to SN cooling

Neutrinos emissions by HNL or ALP

decay

8.0 and g, are negligible compared to

current constraints
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Direct Searches for HNLs

,' * The number of events for Beam Dump experiment (DUNE),
Nsig = Np X Br(P = N) X Br(N — charged ) X €geg

t+ The geometric factor of the cylindrical detector is parameterised by
?' mNFNL mpyL'n AT
€gep =€ N ]l —e »n

' * There is only a new invisible ALP decay channel in the model

'*  The event ratios between the standard and HNL-ALP scenarios is
: Ns,ig

My |
=exp | ——I'(N - av)L :
N S1 p NZ ,.

SV -
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Direct Searches for HNLs

Weaker coupling
gives the same
sensitivity

i* Stronger coupling |
coincides in the |
low mass region

i* The decay length
. compensates the
' invisible branching|
' ratio \

B
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Scenario | my [GeV] |Ucn|? fo [TeV] my [keV]
1 101 1019 1 1
2 10—0.4 10—9.2 102.5 1
3 - - 1 10~2
4 10%° 1072
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Conclusion

o 5

- A simplified model of HNL-ALP is studied to relax the BBN constraint on HNLs
' MeV mass HNLs are possible by adding new invisible decay modes.

' Stronger HNL-ALP couplings give distinct Beam Dump signatures at high HNL
| masses.

i+ More precise simulation of beam dump experiments (in progress )
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Thank you very much for your attention!

Any questions?
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dT,  4Hp, + 3H(pe + pe)

dt py 4 Ope
T oT oT,
emperd ture dT, _ 12Hp, + 3H(pa + pa) + 8pa/0t
dt 32% e g%
my = 100 MeV, |ugn |2 =107"°, f, =1 TeV, m, = 1 keV my = 107 GeV, |ugn|? = 10772, f, = 10%° TeV, m, = 1 keV
T/GeV T/GeV
0.001 k. 0.001 .
107 107
10_7 B 10—7 B
1077 | 107 |
t/s t/s
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| - 24GE 13 12| =

HNL life time
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[ = U,y P [<C1+231n2‘9W5e,f>f1<xf)+ (C2+Sm29W5e,f)f2<xf)] 0.50 : —— T - T
o+ 2 G2m5
D = U] o 1= 82+ 8x0 — 2 — 126/ n (7)
T
0.20F _
VU U GI% 2 5 -
reH=96ﬂ3 Un| m) 010l f,=1TeV )
G2m3 2 9) Z - -
FPVe_ "N 2 U 1 — 2 Z ! i
320 /7 U] (1= 2) " 0.05) :
_ | _
+ - 2m3 2 2 | _ 102.5 T
[Pre — 1F67sz1% U,y ‘qu/‘ /11/2(1,x1%,x§) [l—xl%—xez (2+x1%—x62)] i \\ Jo eV
0.021 T T T
VU_GP%mZ%f ) 2 2 22 fa = o0
r _32ﬂm2fvv Uyl (1+2x5) (1 —x) -
' 0.05 0.10 0.50 1
2.8
. My 2 2
[V = 2 | U V| 272 (13.52) [ (1= ) (1+223) +2 (3 +2 - 2), my [GeV]
V4
Zhong Zhang | zhong.zhang19@ucl.ac.uk Southeast University

29



