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Model

Generic BSM Lagrangians:

1
_ 2 1.2 —C
~LLNV = 5797+ 8l

1
~ZLNC =75 b+ 8
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t* A scalar violates or conserves Lepton Number

- A generic coupling g;; can change the Lepton Flavour of the neutrino

|+ Pseudo-Nambu Goldstone Boson (pNGB) with a mass term :
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Muon 2&83-body decays
thh scalar—Emtssmn - u-—»

— e = . . aa® L — > = o v e —

body deay on- shell scalar w1th

Yukawa-like coupling

b , Figure 1: Feynman diagrams for u — ep, u — e¢a.
& BR(yu — e¢) « (m; —my)”[m,,|

t £+ The scalar does not contribute to the loop integral in

2 ) _
= E *U . {4
Uei UM iy j t i

' m,

A. Santamaria, A. Pich and J. Bernabeu, Phys. Rev. D t  BR( U — €¢¢) x |1In J ((m¢ /m’u)2)

[t is suppressed by
| m

2-scalar emission

J.T. Goldman, EW. Kolb and G.J. Stephenson, Jr.,
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Previous work done in tau decay:

A.de Gouveéa, P.S.B. Dey, B. Dutta, T. Ghosh, T. Han and Y. Zhang, JHEP 07 (2020) 142 [1910.01132].

Muon 3-Body decays

V. Brdar, M. Lindner, S. Vogl and X.-J. Xu, Phys. Rev. D 101 (2020) 115001 [2003.05330].

PR - . - S - .
a v DY D TRV, R —— — e 0> gna =

t* 3-body decay via a scalar loop ¢

- Vs _ Vu Yy t :
" > > " > S t* Probing off-shell Scalars
W§ W§ 5 9 i .
— e Coupling to all flavour

; < > .
\\ e \\ Ve } combination with LNV

vy w, vy Ve L Interference with SM
o S > .
1% § 7 qb 1% § 7 ¢ ° Loop integral gives :
N N 2 /2 |
e~ e~ ! : i
t* IR divergence can be -\
i eliminated by adding 4-body }
| hannels
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A.de Gouveéa, P.S.B. Dey, B. Dutta, T. Ghosh, T. Han and Y. Zhang, JHEP 07 (2020) 142 [1910.01132].

Muon 4-Body decays

{* Scalar from the muon/electron |
5 | neutrino leg '

> - LNV with LFV between muon
) ) W§ Ve \’75 ‘ and electron flavour
\Ve \ ' 4-body phase space gives ,

| DocIn (m2/m)

' Log term cancelled with 3-
g y :
o coom)fomal s fof) | Sorerm
f 3-body loop decay can
| interferewithSM ]
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Results

-'* * 1 — e@ can probe Yukawa type coupling, but
I suppressed by neutrino mass

, * 1 — e@@ only sensitive to large coupling at small
i scalar mass

g 2%

i 10-3)
* Loop 3-body muon decay IR divergence can be

cancelled by 4-body decay channel

¥ . . . 1074
i+ Loop contribution can be constrained by G *

BBN

10_5 y A \HHH‘ [ [ \l\HHH‘ [ ‘ [ | \HHH‘ [ [ ‘ L L L | \HHH‘ [

1072 1 10? 10* 100 108

Mg [M@V]
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' * A nucleus undergo beta decay twice in order to
Double Beta Decay | maintain stable daughter nucleus.

Ovpp i* No neutrino emission for Ovfp if neutrinos are
Majorana.

- Energy emitted from DBD is Q ~ O MeV

SM 2038 e * My, contains information of neutrino interactions.

Ax Lo te MY"/? contains information of the nuclear structure
*. f/ U and momentum transfer.
L+2

_p T B .y ee e BT S il S B Lo b

. . . _ 2
Particle Physics: mygg = Z u;m,

/ =1

—1 _ ~2v 2 2 2
TZI/ =G M O_yl — mﬂﬂ G()v %Ov
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Neutrino Self-interaction t* 2y via neutrino-scalar coupling

S » Scalar mass higher than Q-value

g~0Q 1 ;,, ' LFV can happen for final state neutrinos
Sy ' The scalar can be LNV scalar (Majoron-like)
n P > p |

t* Final state electron neutrinos give an interference

- % ——» n—» ~—* | enhancement to the decay width.
| l

«— 7 7k, 7 S-channel is only possible for LNV

¢ ) * << ) | |
y v a8 i ko 'T-channel can probe LNC scenarios
> er > er g g

q ~ 100MeV q ~ Q F.F. Deppisch, L. Graf, W. Rodejohann and X.-J. Xu,Phys. Rev. D 102 (2020) 051701 [2004.11910]
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F.F. Deppisch, L. Graf, W. Rodejohann and X.-J. Xu,Phys. Rev. D 102 (2020) 051701 [2004.11919]

S-channel Spectrum
1.2 “ gvo=1,my=Q +0.1m,
— — 2w — OvpBp¢ h
m¢ o Q + O. lme — 2ug13f3 Sp— 01/,1"330
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t* S-channel is more sensitive to the intermediate

Results

o i - . e . 2 B — ey o e J—

. * Constraints from PandaX-4T data for s-channel

{+ t-channel constraint is assumed by using 1°°Xe

sensitivity of 2.8 X 10°* years.

{+ Interferences enhance the effect for 2v,pp decay

mass region and t-channel will be more sensitive to
the large mass.

1* S-channel excludes the cosmological favoured
t neutrino self-interaction for Hubble tension. :
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Conclusion

— o Lo P Ze- 3 mas — g SR SPTNG oz e g — o ooz oo e — g B PIIN T e 2 e D o mer g e o L v e — - el o e P me \— e o ey P L me e o E g o s P e e ol e e —

Muon and double beta decays can probe neutrino-scalar coupling

Combined muon 3 & 4-body decays for high mass neutrinophili scalars

The s-channel 2v.1¢ff excludes Hubble tension favoured neutrino self-interaction

self

The s-channel 2v ¢ fp is more sensitive to the (sub-)MeV scalar mass

The t-channel is more sensitive to the higher mass scalars

More detailed calculations for 2v .1 NME & general tools needed for BSM double beta decay research.

Further investigations to Muon decay channels with CP-even and odd scalars.
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Probing Ist order Phase Transition & Intermediate Matter Dominance by
Gravitational Waves
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In collaboration with
Wei Liu (Nanjing U. Sci & Tech) & '
Yongcheng Wu(Nanjing Normal U.)

Figure 3: Evolutions of the energy density S (purple) and SM radiation R (blue) with
the respect to z = mg/T. The non-interacting S evolution is shown by thegreen curve and
pure SM radiation scenario is shown by the orange curve.
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Thank you for your attention!
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3-body decay box diagram 513 = (p = pa)° $3 = (s + pa)°

P de i (£ +m)y"Pi(¢— by— bs+my) y"P,
2 (e-m) (€=ps) = m}) (£ =pa=ps) = m3) (€ = pP = m})

_ 2 2. 2 2 o .
= ( (myz, S13, 1My My, My, mW) + G, (mﬂ, my, , S13; My, My, m¢)

2 2 2 2 2 2
+ (ml + m; — S23) X D (mﬂ, my, , My, , Mg, 813, $3, My, M1y, mz)
2 .2 —4 2 2
jew - CO (O9mﬂ9 m,u; Oam¢9 mW) + O (mW ) A _ gWge:u¢
loop — Q 2 jew
In (e /m3 ) o
~ > > . Geff — GF (1 + 2 Re <A100p)/GF + AlOOp

2
/Gg)



4-body decay matrix element

s (pyp) _
| = P 4)2 2(py-pa) Py - (P2 +p3+ps) +mixyps- (P — Py — Ps)
(P1+P3) ' '
pL-p3)+ (P p3) + (Psps) 7 -
|%2| — ( : 3) ( : 3)2 ( : 4) 2(191']?2) (Pl'P4) —mﬁx(pﬂ (Pz'P4)
(P1+P4) ' '
m,f 2,€2,€25
dd, = da, di, di, d2, dis

128 (27)8

—1/2

X(l—\/%)s(/h(l—/lz))(’15<1_’15)>
x |(1=4) (<1+\/%> —/11( \/%)ZH




S-channel double beta decay
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t-channel double beta decay

0 G5 i,
— _l c

lesyl ~ |:l/7€2}/MPL

4
L1 = J5 <E1— Lp— ZEZ) F (Pppz)

=1

X |1

P1P2Ca1 | Pip3dp dp,des,
E1E2 (271')4

< |1 P3P4Cy3 p%p}dp3dp4dc43
Lsly (2m)* |

A

Y

%21/(0 ﬂOV




