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Introduction

The Standard Model can not explain some mysterious

® The observation of neutrino
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oscillation indicates non zero
mass, but in SM model, neutrino
only has left-hand chirality.
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Neutrino Global Fit

The Global data fit 3 active neutrino oscillation with parameters:

012,023,013, 0, Ams,, A7”?,2(31)

Normal Ordering (best fit) Inverted Ordering (Ax? = 4.7)
bfp 1o 30 range bfp 1o 30 range
< | sin®6is 0.31070 015 0.275 — 0.350 0.310750%5 0.275 — 0.350
+~
2y}
T | 012/ 33.821078 31.61 — 36.27 33.821078 31.61 — 36.27
s
é sin? Oz 0.58010-017 0.418 — 0.627 0.58410016 (493 5 0.629
é 023 /° 49.6119 40.3 — 52.4 49.8110 40.6 — 52.5
2y}
= | sin? 0y 0.02241F9-099%  .02045 — 0.02439 | 0.0226415-59996  0.02068 — 0.02463
é 015/° 8.6170 15 8.22 — 8.99 8.657015 8.27 — 9.03
| bcp/° 215740 125 — 392 284127 196 — 360
A 7.391021 6.79 — 8.01 7.3910-21 6.79 — 8.01
m . —0.20 . — O. . —0.20 . — O.
Am%e +0.033 +0.034
m +2.5257 935 +2.427 — +2.625 —2.512" 5 939 —2.611 — —2.412
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Gonzalez-Garcia et al.,, 2019; Capozzi et al.,
2018; Forero et al. 2017




Normal or Inverted Or&ering

CMB data 95% C.L. limit:
m; < (0.340 — 0.715) eV

Am3, = Am? >0
Am3; = AmZ >0

N

ma = (mi + Am3,)

2

Am3, = Am?% < 0
Amzy = AmZ >0

my = (m} + Am3,)?
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Fig: Adv.High Energy Phys. 2016

Many existing experiments, like NOvA, MINOS, JUNO eftc. can
not determine the sign of Am3; or Amj3, ; At least 2 neutrinos

are massive and m; = 0 seems to be allowed.
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Seesaw mechanism

(a) Type I and III seesaw: heavy right-handed neutrino, as
singlet for I and triplet for III; Mn is usually related to GUT.

(b) Type II seesaw: scalar triplet, H7io,ATH term violating
lepton number: pa <1

(c) Radiative seesaw: exotic particles at TeV scale,
testable at LHC; Natural symmetfry may ensure DM.

Type -I and III Type -II Radiative Seesaw
< H > < H > < H >
My LA

AV

Vi Yo NR/(N3R) Yo V. VL

Other ideas: Inverse, linear or double seesaw, etc.
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Two~loop seesaw with DM

Fermion Fields Scalar Fields Inert Scalar Fields
) 7N
Ly | eg | Ly g |IXe/r|| Neyr || H)f H'Y A f o || s 0| n
SUR2)r|l 2 | 1 2 1 1 2 2 3 | 1 1 (2| 1 2
Uly || -5 |-1| —3 0 0 s3]0 0130 3
/— _ _ _ _ _
ULg | O } 2T LT ) 0 \ ij 3rv|—3x||—2z| z |r+y|—2x+y

Added as variation, H’
not for 2-loop seesaw

© — e observes a U(1) symmetry; However if () # 0, we need o = 27/3
for x € Integer, a Z3 parity remains.

Under Z3 parity, the lightest particle in (;, N/, 7, s) with parity w = €?27/3(w?)
is stable. We will focus on the mass pattern where y4 is our DM.
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Mass in gauge basis

_'CY > ymaiLi ﬁXRa + YSia SELq; L%ia T yn;bilRa 77,]\[1313 T yg?;b _/IJaﬁ/NRb
+ ys;bNRaqubS’ T y;;bNLaxibs’ + h.c.

Causing a tension
among neutrino
mass and relic
density bound —

unless <H'> is tiny -

7
/ . N
Ysha N Img, n()+
Re . (/) B
5 z e I
< V2
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Neutrino mass

H/A, Bl
SO H A N SN
I/ 2T \‘ I/ ;77N '
/ \ \ \ \
é < b oo b b e
U‘L XR Nr Np Nj ?: UL XrR XL Np Ngp Nj Np UL
( ) + ZS( ) Cal)  —Sa) Hl(/) + ZAgl) Mass
( ) 4 “7( ) S0y Co H{) +4A{) || Eigenstates
1
(ml/)’l,j — (47_‘_) (ynm [FI —l_ FII]abySb —I_ ysja [FI —I_ FII]abyrr,b )
1
— (47T) (ynza GabySb —|— ySgaGaby?’]b )

Fr, Frr o< (my;, —m7;,)(m’, —m/g,) are finite form factors.

T —

Imposing Neutrino 1 * T fT —1 -1 A: Arbitrary anti-
ol Yn = 5[(VMNSDVVMNS + Al(ys) G symmetric matrix

oscillation data

yn 1s a function of ys and form factors up to an uncertainty.
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The heavy /’

The VEV of A mixes the U(1)y and U(1)g gauge bosons. The mass eigenstates
and mixing angle are:

mey, ~ mQZ (1 — 46263) my, ~m> (1 + 62)

A . Cz Sz ZO tan 6, — —2616263
Z') | =8z cz Z )’ T 14— €
with €7 = =20, ¢5 = YA and €3 = Lo
E7omg 7 2 v ST VRl

N G

PO = 02
( A 1—46263

2
VH

= VA SJ 3.5 GeV

Assuming mz > 1 TeV, this gives |tanfz| < 107°. Thus no impact on DM
annihilation or DM-nucleon scattering.
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SandT Parameters

5
my

In this model inert scalars (7, s) cause notable deviation to S = —167I1'(0)w, B
and T = mQZ;l%;C%V [QHW1W1 (O) — HW3W3 (0)]
1 m3 m?
AS = S?X In 12571 + Ci In 52 — 3028§X(mH1 ) mH2)
127 my my
1 2 2 2 .2
AT = 167'('777/%/[/312/[/ [SaF<mH1 ’ m?7+> + CozF<mH2m"7+) B CQSO‘F<mH1 ’ mHQ)]
(( ) 5(mt+m3) —22mim3  3mim3 (m3+m3) —m§ —mS$ 1 (m%\
X\mi,ma) = L2 )
9 (m? —m3)” 3 (m? — m3) m;
O 21m2 2
F(mq,mg) = m] +m5 — e g (ﬁ) .

2 2
\_ my —ms

Exactly the same functions used for VLQ mixing contribution to
S and T parameters in Phys. Rev. D 47, 2046 (1993)

L’ have no impact, i.e. ASy = 3%(753,; —t3r)* =0 and ATy = 0.
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Wave-tunction renormalisation

Equivalence Theorem = 6p = 6Zg+ — 0 Zgo, where 0,,G" are longitude modes
of W, Z game bosons.

Self-energy diagrams
in gauge basis

't N Vi AoVe A0V
2
> . m - mj
G+t NR/T G+t SR/I G© G°
A ; VH 2
aAT = 2 Hn sma+)\07 cosa)” f(mm, , My+)
0+
. . 2 / VH )\ 2
This generalises + 2( Hn o CoS &v — 0— sin «v) f(mH27m7’]+)
the result in 1
2.2
Phys. Rev. D 74, — §>‘0Ugof(mH1 ,M,) = 0Zgo Passarino-Veltman Function

015007 (2006)

BO(pa m17m2) —
. 1 dBO(p)m17m2> d4k 1
flmi,me) = g = |p2= ] s e md)

2 2 \2
Ve . (0 (may, —m, )"
Ny —- sina + Ag—= cos ) = LT sin®a
2 2 vy
2 2 \2
. UH Ve . o (M, —mg) 2
(Apy—-cosa— Ag—-sina)” = 5 cos” «
2 2 vy

2 2 32
2 4(mH1 mH2> . 9 9
5= 5 sin o” cos® o

Ao
Vg
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lo fit prefers mpy, — mgy, >0
for 0.92 < cosa < 1.0
(two white bands are allowed)

400 [

300 - S-T exclusion

200 - my, =300 GeV ~ mp=my,

100 -

mu, — my,) (GeV)

~100 -

~200 -

—300; L \ \

0.0 0.2 0.4 0.6 0.8 ©o10
cos(@) '
\

At 30 C.L. region inside
red lines is permitted.
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DM (Semi-)annihilations

X X z (/; - r X X
T4 > r/Aa< T4 X><
H/A, | — [ - 4+ H/4, . - | H/A,
X Vi /\ * )
X (a) Vi b) [ W(C) X (d) vi (e) Vi
Z3 parity Symmetric factor 2
/X W\—L it U; PRX (s H H i 5 pe X (s, A A (;PrXn~
HZ\—|/—1A% " \/§ R <Sa 1 +Coz 2) \/iyz R (Sa 1 "|'Ca 2) yml i RAT)
2 Yxi1 Y c
H;~iA; 2 + XL XOX (coHi — 5o Ho)+Hi 2L X X (ca Al — 50 A2) + hec.
N wj 3 (caH1 — 84 H2) NG (CaA1 — 8aA2)
PTITRT: dYx )\A 5 1 Ag
Sem.l annlhlla’rlops =-= [YX Y;_q ] = [YX YXY;&q]
modify the density dx x 2
evolution and freeze
out temperature
M~ M 1
¢ ~ In [0.038¢(c + 2)<Jv>Ag X2 |1+ ctl (ov)s
N c+2 2 {ov)a
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Semi-annihilation

Identical particle

f_ effect for S-channel
2

3
‘M3|2 (SOéCOé 2 Z ‘yXuyml [8 |Z a—l—lsmj‘ pl p2 — MX)(kl k2)
a=1

=1

2 | T P+ D))+ 21 Y0 U o+ MR

a=1
2
+2Z(— D) TSN (=1 T [(p1 - p2) (k1 - k) — (p1 - ko) (p2 - k1) + (p1 - k1) (p2 - k2)
= a=1
2 2
S-T-U + M3 (—p1 - ka +p2 - ky — Ky ko)l 2> (1) TGN (=) UL [(p1 - p2) (kr - ko)
interference 0’212 o=t

—(p1 - k1)(p2 - k2) + (p1 - k2)(p2 - k1) + Mx(—p2 - k2 +p1 - ko — k1 - k2)]

2 2
= > (0T S (D) UL (o1 k) (02 - o) — (- p2) (k- ko) + (p1 - ko) (pa - k1)

= a=1
FM%(ky ko +p1 ko +po - k)] (_1)a+1. Phase of two deconstructive

" complex scalar resonances
Stno = 1/(s =mg +imala), T, = 1/(2M% — mg — 2p1 - k1), Ug,, = 1/(M% —m2 —2py - k).
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Relic clensitg analgsis

Perturbative limit for

(0VAnni) V-S. (OVUsemi) at DM Yukawa coupling
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Case 1) mp, ~2Mx = yy,, 2 0.1
115 < myg, —myp, <125 GeV

Case II) mmu, ~2Mx = yy,, 2 0.5
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An inverse seesaw model

YNaaZLa ﬁ/NRa + YNo,, NLa NR,¢ + YN¢' Nfa NLM}F YUg,, URa ULa§0*
+ YDy, DRa DLaQO + YEg,, ERa ELa§0 =+ (yux)iaﬁRi ULaX>|< + (yd)()iaczRi DLaX
+ (Vey)ia€r, EL, x +h.c.,

The neutrino mass matrix (9 x 9) in the basis of (V}J, Ng’a, Ng), is given by
MN, with mp = yNUH//\/ﬁ, M = yNgo/Ucp/\/ia and nr, = yNw’Ugo’/\/i'

twr, Smp < M m— ™, %mEM_l,uL(MT)_lmT

D
MNy, ~ M + ,ML/2 >
Imposing Casas-Ibarra _
[ ] — mp=Upnns V DUOmiazRNl

Parametrisation

k
0 mp 0 <H > <p> <Y> <H >
My=|ml, 0o M7
0 M ur
- B ML
_ - = c
vy, Ngr NL NICJ N]c% I/L
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Bound on DM mass

We can fix dark matter to be X = xr, and the constraints are from relic density, muon g-2, flavour
violation processes from lepton and Z decay.

1 . .
m2 = 12+ (Mg 3+ Mg U+ Aoy 2 4 Ay U2, Mass splitting
XR X 2 X X X" p X"
, , 1 , If assume mu >0,

o’

2 2 2
Moy = My T 5 AmVE T AraVar + Apx vy + ey real part is DM
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- f oA
< e Pk
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Collider signalz 2tau+ MET

Drell-Yan pair production of VLL, and
decay into 2 tau + MET:

— cos A¢),

q/ p%uss \/2E EmlSS

_ : (1) A72)
Mr =, min max (MY, M)
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LHC bound is very loose due to
low sensitivity to hadronic taus

300 —————

e _ M _ T
yEx—yEx-yEx

250 |-
i —— Degenerate Exclusion

— M} < M;? Exclusion

100

| | | | | | | | | | | | | | | | | | | | |
100 150 200 250 300
Mg (GeV)

No constraint for Me > 320 GeV

More model detail
in the backup slides

350
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Conclusion

Neutrino as the most abundant fermion in universe is special. For model
building, seesaw mechanism is implemented to generate < 0.l eV order
mass (Dirac or Majorana), < 107° x mg(= 0.511MeV).

Many neutrino models postulate extra neutral fermions and scalars, with

discrete symmetry (Abelian or non-Abelian), giving rise to DM candidate.

New signals inherent normally are: Lepton flavour violation processes,
collider signatures at LHC.
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Back up Slides
For Inverse Seesaw Model



The model

Charge assignments of our fields under SU3)c x SUR)r, x U(1)y x U(1)g x Z,, where all the SM fields are zero
charges under the U (1) y symmetry and even under the Z5.

Ur(UpL) Dr(Dp) ER(EL) Nr(NL) H' % ¢’ X
SUQ)c 3 3 1 1 1 1 1 1
SUR2) 1 1 1 1 2 1 1 1
U(ly 7 ~1 -1 0 i 0 0 0
Uy 4(1) —4(—1) —4(—1) 4(1) 4 -3 -2 1
Z> — = — + + + + -

Non-trivial anomaly free conditions involve with products of U(1)s.
For [U(1)a*[U(1)y]:

ngl3-2(4*-1)—3-34*-1)—-(4*-1)] =0

For [U(1)a][U(1)y]*:
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The scalar sector

H,H' o0 x

2

?
+ [Mo(HTH")"? — pxx¢’ +h.c],

= 13610+ MalotoP] +

1.0
r Hi> X X (xx)) my,= 500 GeV g
0.8 j Hio asac my =200 GeV i
----- Hy> tt sin 6, = 0.1 1
osl T Hi> WW ]
: Hq— 2Z :
x |
m .. |
04r 1
02F——=:=.. 7~ Tl 1

00 Ty I -\-—\-\_\-\—\__\-T-\_\_\-\-._\ L
0 50 100 150 200 250 300 350
y (GeV)
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Casas-lbarra Parametrisation

s -
C13C12 C13512 s13€e” "
_ .0 Xo)
Uvns = —(C23519 — $23513C12€" C23C12 — $23513512€" $23C13
5 5
$235812 — C23513C12€" —S823C12 — C23513512€" C23C13

.0621 .0431

xdiag(1l,e' 2 ,e'2)

m, ~ m”bM_lluL(MT)_lm% mp =UmnNs V DuOmz:cR;/*l
_ % 0 0
N Elo-2 0 0|, pu=Mug M)
—bet+df f 1
- abc bc ¢ A

d _
a=\/ppm11, d= R o \/MM,22 g2, f= MM T M2

a

" d d \°
e = M,13 —|_26f7 C = ILLM,BB —_ (e_ zf) _ f2

a
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TOP quark threshold

The contours delimit the DM-lepton couplings
using the bound of relic density

50 LT T T T T T T T T T T T T T T T T ]

|(Vux)33(Vix)33 | °=0.5

N 407 —— |(Vux)33(Vix)33 | °=0.9

<

’g’ 30 -

g 20 Adding s- and p-
NS waves from top

\f]u/al;k final states

100 150 200 250 300

My (GeV)

10 -

Only d-wave for mys — 0
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Direct Detection Bound

sin® 0y, cos? 0y, p2 5 u?m? f%

Oxr—n =

4
T M%  v?mj ool | )
~ 53 % 1043 (4 sin 0y, cos 0, 2 em? )
o Mx 250 - .
> 20  SinG,=0.03
g [ -
3

The bound of o, ,_, fixes
f W sin 0y cos 0y,
M x

the ratio o

My (GeV)
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