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Present knowledges of 3vSM

Twists and turns of a light sterile neutrino

A possibile scenario for anomalous phenomena via

a new parameterization of neutrino mixing (2016 Ahn, SK Kang, CS Kim)



One of the most important recent discoveries in particle physics is

o
Confirmed by K2K (2004) and Minos (2006)
accelerator neutrino exp

Atmospheric-v exp. Super-Kamiokande (1998) \ A

Sun
Earth

fully confirmed
- M Solar-v exp. SNO (2002) + in different channels
Confirmed by Kamland(2004) by other experiments
reactor neutrino exp (NovA, Super-K, T2K,...)

‘ UBLE .
D@ 1'}5&9 Reactor-v exp. (2012)

A neutrino in flight exists as a superposition of the three different “flavors” of neutrinos. Its flavor can be different when detected than when it was created.
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Nonzero neutrino mass = Signals physics beyond the Standard Model !!

= mixtures (0) of neutrinos with definite masses (171, )

1

But, still we do not know the origin of neutrino



Neutrinos have Mass....super-light...SM

Fermions

First Second First,
gcncratmn generatlon gcneratlon

’, Bosons ~‘

i g Higgs gives masses to the SM particles
o o Fermion mass terms describe transitions between R- and L-handed states
w Z
il Bottom quark .
il B | In the SM, only L-handed v fields couple with W and Z bosons
u -5

10° Tau — ~ 107"
_ @ vsiie: o " R-handed vs can not be created in weak interactions.
2 10 . .. . . .
g ’ Muon So, vs do not participate in the Higgs mechanism:
° Down quark .
3 107 3 in the SM vs are massless !!
E’: . Up quark —
E 107 . j ! . oo

o Add more particles + Abandon renormalizability

el g | Massless —_—
B O boson Mme

1071 ) ® cuon _J SM N I/SM

i Muon neutrino | Tau neutrino ’ Photon

10 Hlectron neutriny

: f L J Gauge symmetry + Lorentz invariance

W

economical Particle content

new particle
No R-handed v — No Dirac neutrino mass term

(sterile neutrinos, .....)

- Vrij w;r, One Higgs doublet — No Majorana neutrino mass term
eak interaction . -
;1. mandatory Renormalizability _ , ,
w- B and L conservations — No Majorana mass term ngher-dlmen5|onal operat
CKM PMNS
d s b v, vy V. . L. .. . .
- -j - What is the origin of the quark and lepton mass and mixing hierarchies ?
u [ | - v, =
Dirac or Majorana neutrinos ?
o = . vo| & -
| W= W Leptonic CP violation ?

How many neutrinos ?
Absolute neutrino mass ?



Vs Majorana

m
—~£ ~ 1077

m,

Charged-lepton (& quarks)

m, s
how about? — ~ 107
m,;

— unnatural ? but Possible

Fermion (quark and lepton) mass
hierarchy problem !!

Weinberg Dimension-5 ope

.': H

)
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%, =—HLHL
M= A

Yl/ MR

Majorna neutrino mass ( < 0.1¢eV)
= A ~ 1041 GeVv

super-heavy particle

Leptogenesis Ovpp-decay

ot
s )NR+YC(17 é)L< 0 )eR—I—h.c.

o

-

Lepton number conservation (Dirac neutrino) < global U(1);, symmetry
Global symmetry is not protected from violations by quantum gravity effects

theoretically,

~

(PRL62,1221)

> U,

Majoran neutrin ?)

Type-| seesaw
Vg, (fermion singlet)
(Minkowski: Yanagida; ...)

(H)

i Up LR v

Y,

v

M, ~ (HYY M~y!

Type-Il seesaw
A (scalar triplet)
(Konetchsy, Kummer; )
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M, = (HYYypup /M3

T T TTTT
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Type-lll seesaw
2 (fermion triplet)
(Foot, He, Joshi; Ma;.. )
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M, = (HYYsMZ'YL

T T TTTTIT
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Seesaw has two appealing features......

Smallness of v mass in a very nice way

~ 2 —1yT
M, ~ (HYY,M;'Y!

SM + vp 10" GeV
a new mass scale of nature

should reproduce Am? and 6 in agreement with v oscillation experiments

should satisfy the upper bounds on m, (from cosmology) and | (% ,),,| (from Ovff decay)

should reproduce the observed BAU ~ 10710

Yanagida; ...

. . . .- ’ .
Why is there only Matter in universe but no anti-matter ? LeptogeneS|s (built—in mechanism for generating BAU)

(sakharov cor

Br(yR—>{+gl));éBr(yR—>f+ng) vp=v5: K& QP

Matter anti-matter

v oscillation and ?\WW T e
Ovpf-decay CP Ocp
experiments */‘\./ *




Seemingly, a robust 3-neutrino mixing scheme

Neutrinos are produced in weak interactions together with their charged lepton
1—
—v M vy
v 8 -7 8
- =<2 >+—Wf Pr, +hec +——
g /7 ﬁ/ﬂm/ L\ 2 cos Oy

e, U, T Vgs Uy Vs

7y
ZHIJL}/ 17

From LEP N, = 2.984 = 0.008 : only 3 “active” neutrinos (m, < M,/2) couple

!

3 X 3 neutrino mass matrix

Flavor eigenstates

Opgq (D]

w| ALEPH N

DELPHI

L3 i\
OPAL

0

86 88 9 92 94

E_ [GeV]
with the Z — 3 lepton flavor

cm

Mass eigenstates

Ve Uer Ue2 Ues V1
= 3 X 3 Unitary leptonic mixing matrix vy, = Un Uu2 Uys Vo
Vr UTl UT2 UT3 Vs
Unitary condition is assumed
Diagonal phase matrix
( Lepton miXingS (Majorana neutrino)
5 Upnins = Ri1(023)R2(013,0cp)R3(012)P
e, l,T
e~ ,Lt_ T~ 1 0 0 cos 013 0 sinf;5edcr cosfis sinfio O :
’ ’ = | 0 cosfys sinfas 0 1 0 —sinfi9 cosbio 0 |P
0 —sinfs3 cosfog —sin 13 e~Wcr () cos 013 0 0 1
(Upnns)ij
w- Atm Reactor Solar
Pontecorvo; Maki, Accelerator Accelerator Reactor (KamLAND)
Nakagawa, Sakata
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Seemingly, a robust 3-neutrino mixing scheme...... PDG (2021)

Near v be‘am
Detector v

measure v flux easure Paﬁ
I =l |p(1)) = P Y Uye ™A ) )
v produced with a defined flavor k
The complex phases e ~£k! T3
B =
are different if m; # my k =[Py

Neutrinos propagate with different frequencies due to their different masses
and different phases develop with distance travelled

For two-neutrino mixing Probability to detect vy

() = ei(p-r—E1f){cos 0|v,) + e E2ED 5in G| V2>} at distance L ~ ¢

Am?*L
Pos = [{yslv@) |? = sin? 20 sin2< " )

Global-fit of 3-flavor v-oscillations: _

m2 m2 best-fit and (16) 30 level w/o SK atmospheric data
A -V, A
-, Amsz01 = m,%z - m31 and Amitm = m33 - m,%] for NO (Amitm = m32 - m33 for 10)
| Vo
my ——'"»»2 — —
’ solar7.5 x 107° eV? m_l 013 [o] 50}3[0] 912[0] 923[0] Am%ol[lo 56V2] Amitm[lo 3eV2]
atmospheric T
L +(0.13)0.40 +(52)211 +(0.77)2.42 +(1.0)2.8 +(0.028)0.084
2.5 107 eV atmospherie NO 857 (5120037 194 (25)30 3344 (0 7ap017 492 (1307 7 497(021)0.62 2.515_ 9 031)0.084
my+ ,  p-5x107" eV +(0.12)0.38 +(27)74 +(0.77)2.42 +(1.0)2.6  —(0.20)0.60 +(0.028)0.086
m2l olar 7.5 x 10~ eV Lmg I0 8.60_(012)0.36 287 (32095 33490740218 49D (12)07 2.498_ 029)0.085
comology
p -decay
0 0
normal mass ordering inverted mass ordering cosmology Z m, = m’/l + mb2 + mb3 CMB PLANCK < (0.340 ~ 0.715)eV

NO 10

prdecay my, = (D | Uy l*m?) v KATRIN < 0.2¢eV



Seemingly, a robust 3-neutrino mixing scheme......

Hints for normal mass ordering: SK,T2K, NOvA \
Hint for non-maximal atmospheric mixing: NOvA Unitarity Triangle in the Lepton sector: unitarity is assumed
Hint for CP violation: 2K, NOvA Triangle < unitarity conditions on the 1% and 3" columns
U, U%, + Uy U*, + Uy U*, =0
SR NGPTT &1 1) Coe e
5 T T FT T
. 1T ] 0 | NO | NUFIT 5.1 (2021) |
wk 1L B A o e e o e T T T
o [ 1t ] 051 WY 1| [T Uy Uss 7]
Tor 1t 1 C Ty 1 F T
S a1r 7] —~ [ 11C ]
r 1 1 g oF 4l KD 1« absence of CP violation
I B PN SRR B N AR A - e
%2 oz 03 0% 04 65 7 75 8 85 C 1L ]
sin” 0, Am, [10° eV?] S 11 F ]
05+ iy -
15“\‘”HH‘HH‘HH“,“”LL‘ “.H“HH’HHHH‘HHHL oo v b v b by v v 10 oo v b vy vy 1y
‘.. \‘ 1F ] -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
m».\ \\‘\ IF ] Re(z) Re(z) || =2x Area
< 5i - j i j = |Im[UaiU;jU;iUﬂj]| = |s12c12s23023s130123sin 5CP|
gixm‘»«mmu S | AP A, WA
04 045 05 055 06 065-26 25 24 24 25 26
e e Test flavor symmetry mod:
E iﬁlh‘\““ﬁ
j HyPer—K/KNO, JD (\ NEUTRINO
] OAB 2.5 at HK
o NA L L T B b N L 0 0k e
Oq 018 0.02 0.022 0.024 0.026 0 90 180 ;70 360 :: ‘ _‘“"J e = ah
sinze13 8cp i L0 ‘
\ Definite di i ill I W Aﬂ.“!i v
erinite discoveries are still to come !! e ey W

The upcoming high-precision neutrino oscillation experiments are expected to determine the neutrino mass
ordering, mixing angles, and CP violation at high C.L. and to provide a rigorous test of the 3-v oscillation
framework at various baselines (L) and energies (E) in the presence of Earth’s matter effect



In spite of the huge success of 3-flavor oscillations,

SBL anomalies and Solar neutrino tension......

(i) unlikely statistical fluctuations in the current data

(ii) unknown physical phenomena

LSND Desector

SBL anomalies

. e i LSND anomal
reactor anti-neutrino(?,) anomaly Gallium solar anomaly y
. . (Liquid Scintillator Neutrino Detector)
1'27\\HI TT ||\|||| TT |H|H| LI ||||||| TT ||H||| LI ||HH| T ||H|l Measurlng ln the Channel l/e 4> Ve
o I I 3 — 0o [t a very SBL ({(L)garLex = 1.9m, (L)sace = 0.6m) observed an excess of 7, events in a 7, beam
I AR A 5 S s G A NN Y il 13 Am2 > 2 —
- “F 2 B = 3 ] 1 1 —
go_g_ F = E Z 3 : § E = Am~ 2 eV vy, \/\/\/\ U. €+
Bos- - E§ 8 2 2
g il } i 3 LIE E z 3 E, =20 - 55 MeV Baseline ~ 35 m
S |- - Nooscilation = s F E <10% p n
0.5/~ With oscillations (3 active v's + 1 sterilev) u ERX)= T = 3
—HHr Elxp\erlmﬁ“ls 11 |\||\|| 11 ||||||| 11 ||\|||| 11 ||HH| L1 ||H|T .?3 : - T NE
04 o 1 2 3 4 5 6 S 08 - 4 a 0.020
10 10 10 10 ) 10 10 10 F I —— MiniBooNE best fit (0.807, 0.043 eV?)
Reactor To Detector Distance (m) 07f J = L~ (0.01,0.4 eVv?)
Rq = 0.945 % 0.007(exp) # 0.023(model) : i L e o

arXiv :1808.1083 R =0.8440.05 ~ 2.90 deficit

If interpreted as v-Osc.

In the standard 3vframework — Am/itm and Amgjo1

Al { 100km for Am%ol

LOSC — ~
Am? 1km for Am3, .

SBL (1 < km) reactor v-Exps. are not sensitive
to the solar and atmospheric oscillations

AmszBL = eV mass sterile neutrino

4 pmode: 11.27 x 10 POT
0.010f 4 LSND

earance Probability

5 0.005

0.000 ﬂ i }'I — |

-0.005
0.0 0.5

-1
10 N

F .LSND s0%cL |

2.0

A \
o I:ILSND 99% CL N

102 covnl 0l
10° 10* 107

1
sin’26

Compatible with o, — I, oscillations provided that Am? > 0.1eV?
MiniBOONE has the same L/E, as LSND, but much larger £, and L

Not consistent with
3 flavor picture & Larse-scale-structure
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Amig; = eV vy mass eigenstate ,
Mohapatra, Nasri, Yu (2005),.. ..

_ 4 X 4 unitary mixing matrix ‘
v U 3v 3v + 1 sterile

e,u,T Ve
Mixing angle 3 - 6

e, U, T Vu | _ UpmnNs Upa 125
v, Urs V3 CP-violating phase 3 - 6 for Majorana
Vs Us1 Us2 Uss Usgy V4 (1 - 3 for Dirac)
W_ V]

Flavor Changing Neutral current weak interactions

ZC
Possible to have neutral current transitions of active to sterile neutrinos

Vs
TeeCube test of Sterile oscillation MINOS & MINOS+ (Neutrino 2018)
Resonant oscillations due to earth matter effects
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MinIbooINE results conflict with
the first data of MicroBooNE



|s the low energy excess at MiniBooNE an electron or photon ?......

(i) SBN oscillation at an approximate L/E = O(1) m/MeV
(i) 3D images of v events and particle interactions <= Liquid argon time projection chamber

(iii) detailed particle paths and, crucially, distinguish electrons from photons

MicroBooNE

SB NEAR

b DETECTOR )
- ¥ e 2
T e e T SELIRE
A= 2 .
LS e \ —
\ — \ ‘ﬂr s .
\ < =
Y plar f
arXiv: 2110.14054 arXiv: 2110.00409
—@— MicroBooNE Observed (1, 20) % 80 FEZINC A — Ny [ NC 1x° Coherent
’ - & 70 NC 1a° Non-Coherent B CCyv, 12°
—-—- Expected, no eLEE (20) H o .. BNB Other [ CC v/¥, Intrinsic
. 104[—— MiniBooNE approx. (+10) © 60 =@ Dirt (Outside TPC) =3 Cosmic Data
> T S [= %4 Total Background and Error LEE Model (xMB:a.w)
= 201 i 3 5028  BNB Data, Total: 153 MicroBaoNE
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A radiative decay:
disfavoring an excess of v interactions due to the anomalous single-photon as the
explanation of the MiniBooNE energy excess

But !l no hint of sterile neutrino......consistent with what the 3vSM predicts

A blow to a theoretical particle ‘light sterile’ nel



With only half the data from MicroBooNE yet released,

"
But !! possible explanations still to be considered or tested in future experiments

To search for sterile neutrino signatur

2

Hyper-K/KNO, |D

NEOS 0AB 2.5 at HK Ay t
. DAN SS He dtarge: for neutron JJE# ‘.
PROS PECT and neutrino sources

e i

3GeV pulsed
proton beam

The combination of short- and long-baseline neutrino experiments will give insights into
the working of neutrinos, including sterile neutrinos

LBL exp: DUVE imstoner et B, “SBLexpszee
R .~ MicroBooNE(170t), ICARUS (600t), SBND
i : :A":-:: =—— .
e g W - =B =
S R =

’ Collider neutrino
at LHC: FASER

detected neutrino candidates produced by LHC



Time for a new theory ?
One of the most basic things we don’t know: how many neutrinos are there ?

The discovery of a sterile neutrino has enormous implications for
how the universe evolved, how galaxies clump together, how stars explode,
and why we live in a matter-dominated universe.

Sterile Neutrinos are one of the candidates of the dark matter......

(i) First results of MicroBooNE = Strongly disfavors a sterile neutrino as the sole source of the
anomaly observed by MiniBooNE

(i) MiniBooNE-like signatures = neither electrons nor the most likely of the photons suspects

have to explain MiniBooNE data

(iii) Additional analyses and future experiments = exotic explanations

Theory development

(iv) sterile neutrinos, hiding in even more unexpected ways
ex) Sterile vs + flavored-axions NPB960.115210



Solar Neutrino Tension

P

Solar (MSW) +KamLAND (reactor)
best-fit

NUFIT 4.0 (2018)

12 e
F GS98 w/o D/N from SK /4

= — GS98

Fl 1--- Aassog

[ — KamLAND|

1010
L Solar (MSW
. . . ] olar ( )
Am221 and sin® 0,, in solar neutrino ] -
experiments are not in complete £
agreement with the measurements 3 | o band
collected in other types of experiments e o
(such as KamLAND) Jo F MSW
04} 1.
110
ok - bt T
10 1 10
v Energy in MeV
a statistical fluctuation
Reactor KamLAND in the current data
(no MSW effect)
. of Am3y NUFIT 5.1 (2021)
l-/e—>l-/e = 1 - C;"?) Sln2 2012 Slnz( E L) 4 T [rrrrprrrt T T 12 R L L L | A
sin%e, , = 0.0222 . - ] PP
el — 10E - 1 [ sin’e,, = 0.0224
0 1 : -
N%) 1 8 - ] ,‘,% 8L
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=6 3 7°F & i
<E] E 4 - - 2; 1 |
e ¥ ] %3 om 05 o
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Solar v (MSW effect) ‘ ‘ ‘ ] : ————- I
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sin’e, Am?, [107° eV?]
40 - : . 2
( DUNEv, — v, +"Ar v, , . +e~ and JUNO(reactor neutrino) fixing Amy; and 6,

3D images for each neutrino interaction

Some unknown physical phenomena that only affect solar neutrinos may be

explain such discrepancy !!

2 -5 2;
Al 10 eV

A clear discrepancy
for Am221 at <20CL



A possibility: composite Matter effect [WerssEez)s

Such discrepancy appearing in the 3vSF can be removed by the new oscillation effect without significantly modifying the MSW-
LMA solution to solar neutrino oscillations

MSW matter effect New oscillation effect

/ induced by a sterile neutrino

Am?
P"_ o~ sin? 91200s2< 2 L>
4E

Ve—Vp

MSW effect | Global 16 data Composite "o AnE o
in the 3USF is used Matter effect For oscillation iengtlﬂ LY = — oPtxmxzed tolL,,:
Am3 :

<
N
T
©
°

E 1.7x 10" ev2
) )2 L

L9 =2.5x10% km(
1 MeV Am3

P(ve—ve)
o o
&

I
ES

The data from ®B neutrino experiments can be well-fitted
[ amd 101 = v? with that of the KamLAND 7,

0.3
Am310" = 1.3eV?
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. '
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> | 2L Ractor (KamLAND) |
uew r S o T
2 o Composite Matter eff i |l ]
w [ g | ]
< B 4 —
4 L i
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Background
PRL123.131803 (2019) Ion

DUNE collaboration




A possibility: add NV su(3)xsu(2)xu(1) singlets...... USM (2016 Ahn, SK Kang, CS Kim)-

N SM gauge singlets R-handed Sj (connects Weyl spinor with itself)

vy

I . | [ c
gMajorana=$SM—fLYyHS§—5ZS;Mijslguh.c....EQSM—E(UE Sy Sg) M, |Sk|+h.c.

i.j=1 S

higher dimensional operator with (non)-Abelian symmetry (different quantum numbers):
finite n
F
flavored-axion framework ¢, 09, (FV+02, Z c, (—)
n=0

A

Ver Vs Vs S5 Sq2s - -+ Savs Sp1oSpos - - Spn
heavy R-handed singlets Sp
Low energy effective Neutrinos

. . 3x3
Interaction eigenstates FONC | Mass eigenstates
Ve Uc1 Ue2 Ua‘d D UeN 151
Vy []/,1 UNQ Uﬂg .. U#N 1]
Vr — UTl UTQ UT3 LI UTN V3
SaN Usal Usa2 Usa3 <. UsaN SN

(3+ N) X (3 + N) unitary matrix

In general,
any arbitrary subset

Not necessarily unitary

To check unitarity,
measure precisely the
3%x3 .. .
UPMNS mixing matrix

1 | R —
-ZL, 2 EUE%UUL + EMSSR Sg+ iW;z,”L}/" v + he.

V2

+1§A’{ Tiydl, v+ E'MSC} L oion—L5ias
— Y —<p.Ui v+q:Si ——Tidv——==S8i
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+ e e+m,ee —eiy'D e
2f] 'j ny e 4 u
L A F Fvam? 2{1 A Loay
~ g 8irr i T +my fiy 1 —cos f _5( i Aj)

A potential to the SBL anomalies

|:> + MicroBooNE data
+ Solar neutrino tension




Conversion Probability of New Oscillations [Sergsoziiis]

6X6 mixing
new parametrization

2222S23) /4
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a 2 2
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S, — Uy R B Opy AN
Sa g Sh

Cl,b = €6 U, T,51,52,53




The upcoming high-precision neutrino oscillation experiments are expected to determine the neutrino mass
ordering, mixing angles, and CP violation at high C.L. and to provide a rigorous test of the 3-v oscillation
framework at various baselines (L) and energies (E)

Results of the MicroBooNE experiment, while not confirming the existence of a sterile neutrino,
provide a path forward to explore physics beyond the SM

Additional analysis, future experiments, and theory developments

MiniBooNE-like signatures = neither electrons nor the most likely of the photons suspects

have to explain MiniBooNE data



