ENEANFIERSTIYS
2023080712, K&

ALP from U(1)L and its phenomenology
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Evidence of dark matter

pooo - B = 0.100

0, = 0.075
0, = 0.046
0, = 0.025
w

';': 6000

3

E

3

=

o

o

o,

@' 4000

~

o

=

K+

- -rotational velocity

What is dark matter?

Interac*ions

Neutral, non-baryonic, weakly interacting particle!
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Particle Zoo

cluster #1 .
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New physics beyond the SM-dark matter
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Evidence of of neutrino oscillations
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New physics beyond the SM-neutrino physics

Key issues for neutrino physics

The origin of tiny but non-zero neutrino masses

Neutrino mass hierarchy

CP-violating phase in lepton mixing matrix

Is neutrino Majorana or Dirac particle?




Is neutrino physics correlated with DM?

Properties of neutrinos are similar to these of dark matter

Yes!

Neutrino is a hot dark matter candidate
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Sterile neutrino is typical warm/cold dark matter candidate

The sighal of neutrino in direct detection experiments is similar to that of DM
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The issue we concern in this talk

Standard model: Lepton number is accidental global U(1) symmetry

Traditional seesaw mechanisms: U(1). is explicitly broken at the tree-level
Is lepton number spontaneously broken, or explicitly broken, or both ?

Connections between neutrino mass and the ALP physics!
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Neutrino mass generations

History: Majorana neutrino mass from the dim-5 Weinberg operator k_ ﬂf gHHTf fc

| - —L =0 Y,NpH +-NSMpNp +h.c.
7O | IH(J / )
: : /
v | Ne o SU(2)_L fermion singlet MV = _MD M]glMg
(a) Minkowski (77)
1— C T
: | _£ — §€LYA1A€€L — )\AMAH gAH —l_ h.C.
, §el
0 : 0 /
o _ _A; o SU(2)_L scalar triplet MV — Y/\ U A
(b) Magg, Wetterich (80)
1 __ .
. . —L = -Tr [SMsXC] + V20, Y X H + h.c.
70 : :HO 2 =
| | /
v Loy SU(2)_L fermion triplet M, = _MDMilMg
(C) Foot, Lew, He, Joshi (89)
WEI CHAO

X T + T 17/ a—
. —L=407;Ygel; ST —nuH" cH S~ 4+ h.c.
S+///‘l‘\\\H/
// \\ B 2 2
v l/ ey . €R \l v Zee (80) (MV)Oéﬁ — A (YS)O(ﬁ (ma T mﬁ)
Charged scalar singlet+ doublets
(a)
S+ - 717~ \S+
e e e (Mdas = 8D mama (45)a (F)u (V) s e
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® 660 Y. Cai, T. Han, T. Li, 1711.02180

7



Neutrino mass generations

Neutrino mass from higher dimensional effective operators

. i F. Bonnet et al, 2009; Y. Liao, 2011
Majorana neutrino mass the tree-level: (F. Bonnet et a iao )

The unique operator of dim 2n+5, that can give neutrino masses 6245 — @ X (HTH)H
at the tree level is WEIDELE T A2n
Neutrino mass from loop corrections:
Os5 —1(8,B") (0" B,)
 Dimension-5: Weinberg operator for neutrino-masses (S. o I af}, . * aHD oy Oy -3 (W) (W)
Weinberg 1979) OBpH Oy B’“’(HTzD wH)
OwpH D, Wi HTiﬁLH
* Dimension-6: W. Buchmuller and D. Wyler, 1986; B. One (DMD#;)T(DVDVH),)
Grzadkowski et al, 2010; ...... ) "* G ol /x{ Db (H'H)(D,H)' (D" H)
* Dimension-7: L. Lehman, 2014; Y. Liao and X.D. Ma, A ™, ZZ'D EI;T{IQIZ‘M(};;I;#H)
2016; ...... Chala and Titov 2104.08248 c')f(f) EHTH)“(Z'(’I_D)L)
Dimension-8: C.W. Murphy, 2020; H.L. Li et al., 2020; ... - wf}f ,- oD 9, (H'H) (IA*L)
E" o) (H'o!H)(Li B L)
O D.(H'e"H) (Ty*a' L)
* Dimension-9: Y. Liao and X.D. Ma, 2020; H.L. Li et al, , 7 ) ‘~ (5) - _ 7
2020,2021; ... ... g o © Shas coenn D CLT IO
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Majoron & neutrino mass via type-ll seesaw

Type-ll seesaw + spontaneous breaking U(l); symmetry

2, ot F o2 LNV term!
V(S,®,A) = V(D,A) — ug(§'S) + 44(5'S)

+2(STSND D) + Ag(STS)Tr(ATA) + u®lit,A'® + SO ir,ATd +h.c.,

dF AT A+H+
D=|v+d+iy | V2 v+ 5+ id - _
¢ = A=l vsric  ar S = 7 d . Majoron
V2 V2
Yukawa Interaction —Z,= YaﬂfgciazAff +h.c.

Key term: u®lic’A® +h.c.

WEI CHAO



Majoron & neutrino mass via type-ll seesaw

Gauge boson masses 012
g’ g’ miy '
2 2 2 2 2 2 _
m=—v+2v),m= (v+4v). — — .
Y4 ( ¢ A “ 4dcosOy \ 7 A : ms cos? By l_l_%
Scalar mixings and masses K
o e G X h ¢
( ) . %(ﬁ)( ) Aa)=remmlel. (1) =2@.ama)|s]|.
" AT a a s 5
MiXing angl fOI" psel.IdO'scalars Majoron gets non-zero mass
from the mixing! 9) 4 9)
\/EVA 20N L/LVAVSV¢\/ Vg T aVA
tan f = , tanp,=——, tanp, =0, tan2lp; = .
Ve Vi Vg% (—/Ivg + AvZ + \/z,uvs> + 4v3v, (\/5/4 + /IVS)

WEI CHAO 10



Majoron & neutrino mass via type-ll seesaw

Sequential breaking of various symmetries

Majoron massive! massless Majoron!
...... NeUtrmomasswe
EWSB scale fa y«)l. T
Temperature
(M) = YasVal V2 - of Universe

- \/z,uvq%vA(v(/% -+ 4v§) ,uvq%vA
2v5(vx +vi) +8vgvy /22 |

n,

WEI CHAO



For experts of axion physics

Majoron mass should arise from cosine like potential!

{, —>e ¢, S—e'7S

~ P D ueudli, Afd +h.c..
After electroweak
symmetry breaking

la _la
E, — e YEj, A—>e 7TA

H—- H

Non-zero Majoron mass

WEI CHAO
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Majoron & neutrino mass via type-l seesaw

Lagrangian of the type-l seesaw mechanism with LNV

~ (0,D)"(0"®D) + pg®'P® — 1, (P'D)* — 1, (P D)(H'H)
. ] —
C
_ [YNKLHNR + ENR (YMcb + m) N,+h.c ]

P = ¢ alf

\f \f

N 6—16’/2

L,R L,R

1 . —
} —_ —e_’HNIgmNR+h.C.

2
Majoron neutrino interaction
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Majoron & neutrino mass via type-l seesaw

Majoron neutrino interaction —ZHNCmN +h.c.

O A EH 16%2
n
(a) (b) (c)
: ra ra
ODark matter phenomenology

a, cos no .

4
=1

OMatter antimatter asymmetry of the universe

Wei Chao, Yingquan Peng, arXiv:2308.XXXXX O
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Majoron DM—oscillation time
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Majoron DM—simulations

Equation of motion 0 + 3HO + mg(T)é’ = ()

CZZZ

Analytical results ((r) = — 72'[ = 2m 1 J i (mDY_s(m,t) + 2m ;Y 1(m,0)J_s(m,1;)
—Y L (m t)J I (m.t) —2mtY ] (m 1) 5 (mt)+J 1 (m )Y 1 (mt,)
+2m, 1.1 (m,1) Y%(mati)] / { 2 3&5% [J%(mat,-) Y_s(myty) = J_s(m )Y 1i(m,t1;)

+Js(m ) Yi(m ) — Ji(m 1) Ys (mati)]

3
. 2 D712 g*s(TO) TO
Majoron energy density Palo) = Em“f \Oai? gis(Toe) (TOSC>

WEI CHAO
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Majoron DM—Relic Density
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Majoron interactions from mixings

Interactions with scalars

Vertices Coefficients
a* IMVIs + INVEVES + 2XVEVas + 2 AV VasVas + A2 Vas + TAsVas + $A6 Va3
2 MV Vs + %)\4V11V13V223 + %)\5V11V13V223 + AV11 Vi3 Va3 Vss + %A4V123V21V23
+2 A5 Vi3 Vo1 Vas + 2 AVi3 Vo1 Vas + 2 AVi3Vas Va1 + A2 Va1 Vi + AsVa1 Vs + A6 Va1 Vs
a2 h2 sMUB VS + %2)\4U121V223 + %2)\5[]121‘/223 — %ZAU121V23V:33 + AU11U21V13V33
—A\U11U31Vi3Vas + 2MU3 Viz + 20U Vis + 2 X0U3 Vs + 2A3U3 Vs + 2AU21Us1 Vi + 2 A6Us1 Vg
)\1U11’U¢V123 + %A4U11’U¢szg + %A5U11U¢V223 — AU11v4 V23 V33 — \/§/LU11V13V23
a’h —AU11V13Va3vs + AU11Vi3Vasva + AU21v4 V13 V33 + %/JIU21‘/123 + 2XaU21 Visva + 3 AsU21Vizva
+ 2 AU21 Vi3vs + AaUz1 Vagva + AsUz1 Vagva — AUsz104Vi3Vas + 2 AU31 Vizva + AeUs1 Vaavs
202 SMVIAVES + $ AV Vas + $AsVia Vas + 5 AV VasVas + AaVi1VigVai Vas + As Vi1 VisVai Vas
+AVi1VizVa1 Vaz + AVi1 VisVas Va1 + 2 M Via Va1 + 2 AsVia Va1 + 5 AVisVar Var + 5 X V5 Vas 4+ 5 A3 V51 Vs + 2 A6 Vi Vi
2GH G- A1 V% cos® B+ %)\4V123 sin? B + i/\5V123 sin? 8 + %A5V13V23 sin 3 cos 3
+4/2A\Vi3 Va3 sin B cos B + A2 Vg sin? B + %)\3‘/223 sin? 8 + %)\4‘/223 cos® 3
0G3 MVi1Vis + AV Var Vas + 5 As Vi1 Var Vas + AV Var Vas + 5 AV VasVay
+IXaV11VisVa + 2 X Vi1 VasVa + AVi1VisVar Var + A2 V5 Vas + A3 Vs Vas + A6 Vi) Vas
MU Vi1 Viz + 5A4U71 Va1 Vaz + 5 AsUT1 Va1 Vaz — 5 AU Va1 Vas — 5 AU Vas Vs
ah’G +AU11U21 Vi1 Va3 + AU11U21VizVar — AU11U31 V11 Vas — AU11U31VizVar + 2 A4U31 ViiVis
+%)\5U§21V11V13 + AoU3y Vo1 Vag + A3Us1 Va1 Voz + AU21Uz1 Vi1 Vis + AeUsy Va1 Vas
avv Vazm,, /va
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Majoron interactions from anomaly

Schemas £, — 6—2—ny }
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Majoron interactions from anomaly

Interactions in mass eigenstates

W= V4
W= Z Y
; Y
o tan —~ ~
Ny aW  WHY Y (ZWFW + FWZ””)
167Tfa HV 7 327Z'fa
/
o 1 . ~
— —smn-0, | aZ, 2"
8mcos?6, f, \ 2 8
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Neutrino oscillationin M

ajoron star

0.5
Effective potential vacuum
o M M axion star
Ve = in/2p,Vosm; vy cos(mat)vLCmyuL h.c. ﬂ |
| Just for fun!

a us or Ttun:
Amplitude: "“ | |

- > _ .mizx paV223 paV223 COS 2max _
Ao = Z UpVoexp | =i <1 " mavy " 2xm3vi
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Direct detections of Majoron DM

Differential event rate

Boosted Majoron by supernova v

vBADM flux
104 -/
T%
NE
E
gl
— m,=10"10V
10F
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0.001 0.010 0.100 10 100
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Difterential event rate(axioelectric)
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Energy deposited w

Direct detections of Majoron DM

Direct detections in condensed

matter systems

DM mass|DM energy or momentum CM scale
50 MeV Dy ~ 90 keV zero-point ion momentum in lattice
20 MeV E, ~ 10 eV atomic ionization energy
2 MeV E, ~1eV semiconductor band gap
100 keV b, ~ 50 meV optical phonon energy
oV - 2 2
: S R~ L Pa M Suce )
............. 5~ 5 \eOapsVrelly
i p m,4mzs e
eV Optical phonons/ N\
g Imll(w)
meV A | E ?&o@“ E £ | <neaabsvrel>y —
eV keV MeV a)

Momentum transfer q

Absorption rate for photon in material
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Relevant pheno: W-boson mass anomaly
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Relevant pheno: Ov/[ process and muon g-2

Ovff process in type-ll seesaw
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=
Ve

Wﬂ_ A~ e~
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Concluding Remarks
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Thank you!




