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Some important neutrino experiments in the past
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Some important neutrino experiments in the past
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225022000 0%00220 Neutrino sources and (or) oscillations Main discoverers Nobel Prize
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solar neutrinos (v, — v,) [59] R. Davis 2002
supernova antineutrinos (v,) [62, 63] M. Koshiba 2002

atmospheric neutrinos (v, — v,,) [64] _
solar neutrinos (v, = v,,v,,v.) [65, 66, 67] Xmg, PhyS.Rept, 2019

accelerator neutrinos (Vu — v#) [68]

reactor antineutrinos (v, — v,) [69] A. Suzuki
accelerator neutrinos (v, — v,) [70, 71] K. Nishikawa
reactor antineutrinos (v, — v,) [72] K. B. Luk, Y. Wang
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Jiangmen Underground

Neutrino Observatory
(JUNO)
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JUNO
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Hyper-K & DUNE

Hyper-K, 188kton FV, expected to run in 2027

DUNE, run in 20307

Sanford Underground

Research Facility Fermilab
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Hyper-K & DUNE

1.3MW beam
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SM+3 massive neutrinos 24(26)+2 fundamental parameters

Neutrino
Dirac or Majorana?

2 _ .2 .2
Ams, = my —my

2 _ .2 2
Amg) = my —my

Quark masses

Lepton masses
and mixing

and mixing




We are entering an era of precision
measurement of neutrino physics!



We are entering an era of precision
measurement of neutrino physics!
It will give us a deeper understanding
of neutrino masses and mixing!
Origin of neutrino masses, lepton
mixing and CP violation
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We are entering an era of precision
measurement of neutrino physics!

'+l ~*3 s a deeper understanding

, o\
| Itron masses P uHRing!

o
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9T neutrino masses, lepton
mixing and CP violation
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Not primary, but more fascinating phenos

Neutrino electromagnetic property and
CP-violating radiative decay

Proton decay and its probe to grand
unified theories (GUT)

12



Neutrino electromagnetic property
and CP-violating radiative decay

Vi Lg

1: initial state f: final state
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Neutrino electromagnetic dipole moment

> Neutral fermions may have electromagnetic dipole moment (EMDM)

electric magnetic
dipole dipole
moment E moment
d H
> EMDM form factor
Hemvpwm = JuAY (gl lw) = (g )y, [M(q%) = — uglg?ic'q, + dg(q”)ic™q,ys
> Diagonal (i =f) EMDM is zero for Majorana particles
o Transition (1 # f) EMDM => vy yuty if o m> m;

Shrock, 1974; Petcov; Goldman & Stephenson, 1977; Schechter & Valle,

o Early studies: | _
1981; Pal & Wolfenstein, Schechter & Valle; Shrock; Nieves; Kayser, 1982 ...

See review by Giunti & Studenikin, 1403.6344 14



General electromagnetic property of light neutrinos

o Neutrino EMDM is generated via weak interaction of the SM
Full one-loop calc in electroweak symm with Rg gauge: Dvornikov & Studenikin, hep-ph/0305206; 0411085

+ diagrams of Goldstone and ghost

2

T

2
eg- m, m

Z

~ 107%*uy, (transition)

* ~ 107%, (diagonal), ~
1672 M3, Hp (diag ) 1672 M3, M3,

Theoretical predictions: d, u ~

Including non-unitarity effect: d ~ u < 107*?u; (transition)
and y — Z self diagram is necessary to cancel infinity and electric charge.

For a full calc, see Xing & YLZ, 1201.2543

o Experimental progress
1 <29 %107y, 90%CL @ GEMMA (diagonal MDM)
e (14,29 x 107y, 90% CL @XENON1T, 2006.09721

Borexino, Super-K, TEXONO, DARWIN ... 15



Electromagnetic property of heavier neutrinos

. : m
- Heavier neutrinos, d, u ~ 10~2%u,—> X (active-sterile mixing)

Mot/ B

n,

SN Earth

107
1078
1077
10—10
10—11
10—12 ;
10—13

107
10”19 | |||||||| | |||||||| | |||||||| AN
0% 107t 10 10?

m, [eV]

Giunti & Studenikin, 1403.6344

MeV~! ~ 3.3,

1 18
O 102 10! 109 101

Mpy[MeV ]

Brdar, de Gouvéa, Ying-Ying Li,
Machado, 2302.10965
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. . . . Balaji, Ramirez-Quezada,
CP transformation in the Dirac neutrino case YLZ. 1910.08558

In the rest frame with photon released in +z direction

17



. . . . Balaji, Ramirez-Quezada,
CP transformation in the Dirac neutrino case YLZ. 1910.08558

In the rest frame with photon released in +z direction

!
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conjugation

‘@
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. . . . Balaji, Ramirez-Quezada,
CP transformation in the Dirac neutrino case YLZ. 1910.08558

@
Icharg:;>e @) . pari’g (e)

conjugation conjugation

‘@

!

]

_|_
JAVAYAYAVAN
JVUVUUV
JAVAYAYAYAN
JVUVUUV

JAVAYAYAYAN
VUVUUV
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. . . . Balaji, Ramirez-Quezada,
CP transformation in the Dirac neutrino case YLZ. 1910.08558

4 Y
> -
= =
> @ )
5 I
charge parity space
—> —. > = @
conjugation conjugation rotation
=
% <@>
o
%
4

20



. . . . Balaji, Ramirez-Quezada,
CP transformation in the Dirac neutrino case YLZ. 1910.08558

CP conjugation space rotation
does not change
y / y any physics due to y
A A » Isotropy of space
(> (> -
> > T
= == =
o > I

@
, pari’g '/\e) Ispa(:;i

charge
—> @
conjugation conjugation rotation
(>
>
& Q@
>
>
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Balaji, Ramirez-Quezada,

CP transformation for Dirac neutrinos YLZ, 1910.08558
right-circularly left-circularly
polarised polarised
jan V_

WA

]

_|_
JAVAYAYAYAN
JVUVUUV
ANAAN
NNNNAN_

)
]
|

.

conjugation

1
_|_
|
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. . . Balaji, Ramirez-Quezada,
CP transformation for Dirac neutrinos YLZ. 1910.08558

['G=>y+y)+ 1@ - g+ y)

ACP,+ —

+
|

>
>

WA

]

_|_
JAVAYAYAYAN
JVUVUUV
ANAAN
NNNNAN_

)
]
|

@ o @

conjugation

1
_|_
|
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. . . Balaji, Ramirez-Quezada,
CP transformation for Dirac neutrinos YLZ. 1910.08558

'y =y +y) =10 = 0p+7,)

ACP,— — _ _
'y = yp+y)+1(0 = vp+y)

A_ A-I_

- (>

- (S

- T

Qo @

conjugation

24



Balaji, Ramirez-Quezada,

CP transformation for Majorana neutrinos YLZ, 1910.08558
AM _ F(Ul —> I/f + }/_I_) — F(I/l —> I/f + }/_)
LT o+ + TG = v+ y)

+ /-
(> )
> T
S=+1 &D I s=-1
> -
% I
i CP ¢ |
S =+ 5 Qe) < . > (e) =75
conjugation
1
= 4 —
2

25



) Balaji, Ramirez-Quezada,
CP asymmetry In terms of form factors YLZ, 1910.08558

- Re-express the form factor in the chiral representation

LR _

Form factor [4(q2) = + ichq [ fL P, + R Py ] n = — Mg T idg
{o] % fi q9) = dul Jgi I'L fi * R PL,R — (1 + }/5)/2

Form factor 3 2 L R Uljulv) = ﬁfrlfli(qz)ui
U — + UL
for U Fif(q )=+ 10""q | fis PL+ fi Pr]

(D¢l J, 1 53) = Hil(q ™)y

CPT invariance M@y — Tp+7) = Mg +y = 1) = [ = =8

Fh(g?) = — iotq [ fk P+ Py ]

L12 | £R|2
Acp. — f if
, )
CP asymmetry FE12 + IFR12 + | fig]2 + | fif]?
for Dirac v R |2 L2
App_ — g1 — Jif
y L R R L ?
f51% + | f5 12 + [ fig]® + | fig]?

26



. Balaji, Ramirez-Quezada,
Loop calc 1n type-I seesaw YLZ 2008.12795

Summation Z

a
for charged leptons

a = e, U, TIinthe loop

d'p WLy — P+ ma)y* (P, — P+ ma)y FL
(2m)* [(pe — p)? — mE][(pi — p)? — mE][P? — miy]
dip (mePL — maPR)(Pe — P + ma )V (P, — P + ma)(ma P — miFPR)
(2m)4 miy [(pe — p)% — m2][(pi — p)? — m2][p? — mjy]
dp Vo PL(p + ma) v, PLVH
(2m)* [(pr — p)? — mi][(pi — p)? — miy|[p? —m3]’
d*p (2p — pi — pe)*(me P — mo PR)(P + ma)(ma P, — miPRr)
(2m)*  mi[(pe — p)* — mill(pi — p)? — mi][p? — mi]

2
F?ifxl ) = Z'%Uaib{;f /

2
.6 *

)

2
€ .
re® z—g Un il /

)

2
€ .
Fg’,gl = Z_g Unild ot /

re® _ 9y e, / 1 VPP + Ma)(MalL — miPR)
e 2 ) (2m)* [(pr — p)? — miyll(ps — p)? — mi][p? —mZ]
d*p (Mo Pr —mePL)(p + ma)VHPL

2
I‘“”(G) _ iﬁb{aib{; / :
o 2 YJ @m)t(pe — p)? — mE)l(pi — p)? — mE|[p? — m2]

VP = g (2p; —p — pg)? + 97*(2pe —p — 01)” + 97 (2p — pi — ps)* .
27



. . Balaji, Ramirez-Quezada,
Factorisation of CP asymmetry Y._Z,J 5008.12795

= Neutrino form factor in radiative decay

Gr
e — _F 0k o™ gy (Fa ami Pr + Fie amePL).
fi,« 4\/§7T2 ilof Q( fi, R if f L)
coefficients in the coupling kinetic term

- Loop function in the kinetic term

(m —m3)’ i+ (i — md — md) &+ mia?

/1 { (mi — mg —2myy) (mg +mez®) +mi @ (mi + (mfy —mg —mj) = + m?wQ)
Jfia= [ dz log
0

a

N (mf —m3, —2m3,) (m3 +mi(1 —z)?) +mg (1 — ) log myy, + (m2 —miy, — mi) z + miz?
2 2 2
L M T Mo 2myy 4 2 2 2 2 2 2 2. 2
2_—m2 Mg o = —(mi — mg —my)(mg + mg, — 2myy) + 2mgmy,

28



. . Balaji, Ramirez-Quezada,
Factorisation of CP asymmetry YLZ,’2008_12795

-~ Neutrino form factor in radiative decay

/L,(k) - EGF JA* s MV . .
Fﬁ,a — 4\/§7T2ualuaf‘ 10" qu (]:ﬁ,amIPR T -Flf,amfPL) .
coefficients in the coupling Kinetic term

- Loop function in the kinetic term

/1 { (m} —m2 = 2m},) (m +mz®) + mb oz [m+ (m —m2 —md)a+ m)
Fhiaq = dx |
0

(m2 —m2)*a FA M2+ (m2, —m2 —m2) z +m?
(mf —mg — 2miy) (mg +mg(1 —z)?) + mg ,(1<7) log (m%v + (mg —miy —mi) z + i:c2) }

+ 2 2 2 2 2 2

(mi - mf)2 x my + (mczx — My — mf) T ¥ migz?

2 2 2
mg — Mg, — 2miy

* m? — m? ’ m4ﬁ,a = —( iz_mgv —m%v)(m% +m2 — 2mj )+2m(21m%/v
1-0_— ‘
- [ 2 > _ .2 _ .2 2,.2
1 g(x) = [ma + (mé, — mZ —m?) z + mix

0.0 | S S
» 0.2 0.4

—0O.5 - .
| In the case of m; > m,, + my,, there always exists an
10! interval (x;, x,) C (0, 1) where the log factor negative 29




Explicit result of the imaginary part of loop integration

o Using the following formula, we finally obtain

i

/O dzf () log g(z) = /0 dof(z) log |g(z)| + i / dzf(z).

1

2 2 2 2 2 2 2 2\ 7

mé — ms — 2m m ms +ms —m 4

Im(]—"ﬁ’a) = 7m9(mi —mw — ma) ! & 5 W [—p,iz—g -+ mi log ( : + x W + 'u’l
(mf —m§) m;

(2mi2 - m% — m?

2

—2m2)m m?Z —m? +m?, + u?
a 14 W 1 (8 W /1:1
' (m? —m2)? log(m?—m3+m%/—u?)> pf = \fmi +mi +mly — 2mPm3 — 2mimiy — 2mimd
i f y
2 2 2 2 2 2 2\ 7
mi —m; — 2m m2 +m?2 — mé, +
+md(me — mwy — my,) {— l(mZ am2)2W [—,u%—l—mi log (mg+mg—mgv—,ug) pi = \/m§+m§+m‘év—2m?m§—2m?m%v—2m3m%,.
i~ f f o w £/
2 2 2 2 2 2 2 2 2\ )
N (Zmi —mf—ma—2mw)mw log (mf—ma—l—mW—I—uf) >
)
(m —m})” mi —mg +miy — g

In the case my > m,, + my,, log of the my -dependent term generates another imaginary term,
which partially cancel the one from the m; -dependent term.

The result Is consistent with
optical theorem:




Balaji, Ramirez-Quezada,
CP asymmetry YLZ, 2008.12795

~ Factorisation of coefficient contributions

Imaginary

(Jarlskog-like parameters) Real
Dirac & it * 4% if X 9 g%

Tap = ImUaillqeUsiUps) , | Rop = Re(UaillqeUailps) -
Majorana B ( eUgilUps) 3 ( UiUise)

Majorana Vig = ImUnaildlieUsillye) | Chg = Re(Uaildielsillje) -

o CP asymmetry for Dirac neutrinos

— > 0p JapIm(Fis o Fit 5)mi
> 5 RE, [Re(fﬁ,a 2 5)m2 + Re(Fig ;:m)mg]

D
Acpy+ = | Interference between

charged leptons with
AD — Yo g ToBIm(Fa o Fg 5)mi different masses
CP— —

> s Ris [Re(}"ﬁ,a}}"‘i, 5)m? + Re(Fig o Fjy 5)mg] (always satisfied)

- CP asymmetry for Majorana neutrinos

AM Za,ﬂ ‘-7014% Im(Fﬁ,aF;i,,B)m? - Im(]:if,oz ﬁ"ﬂ)m% — zvgﬂlm(]:ﬁ,a i?,ﬂ)mimf
CP — — -

Y

Za’/@ Ricfﬂ Re(fﬁ,afg’ﬁ)m? + Re(fif,a i?,ﬂ)m% — ZC&fIBRe(Fﬁ,a i?,ﬂ)mimf

31



CP asymmetries in different channels in seesaw
o

~ Seesaw mechanism

(Hyx ()

N

vV RH neutrino vV

_

0 M, (M, = —-MpM;"' M},

\

U = (Z f) R: active-sterile mixing

~ minimal seesaw: two RH neutrinos v, and N, = m, =0

We fix the mass ordering M, > M, such that NV, can decay to N,

Casas-lbarra parametrisation

—(sinw ( cosw

' : @ Is a complex mixing angle
RaI — Z Ua’in’I Mmit1 _ Q _ COS W S1N W
' (=+1

32



. . . e Balaji, Ramirez-Quezada,
CP asymmetries in all radiative decay channels vz 590812795

Vo Uity = no CP violation

o N; = v+y with M; > My,

I+3) *

Zi Za,ﬁ J o(zﬁ+ ) Im(f i(I+3),a]:z‘(I+3),ﬁ)
I+3)2 *

Zz’ Ea,ﬂ R((xﬂ—l_ ) Re(fi(I+3),a~Fi([_|_3),5)

Acp(N; — vy) = < 10717

— very small CP violation

D08 R |Re(Fus,aFis 5) M3 + Re(FsaaFiy g) ME| — 2C34Re(Fus,aF3y ) M2 M

This channel may lead to large CP violation.

33



Balaji, Ramirez-Quezada,

Benchmark plot of CP asymmetries YLZ. 2008.12795
10 Prr—— 13
E 10—16§
Z 10—17; \
1 10—18?
T
Q1019
_20F| S - 3 Oscillation
10 parameters all
fixed at there
10-9 best-fit values,
and 20 = 180°
— 1077 assumed
Z 10—11; ‘
1 10—12:
<
Q101
TR 100 i

M. 9 [T@V] 34



. Balaji, Ramirez-Quezada,
Scan plot of CP symmetries Y._z,J 5008.12795

Large CP asymmetry < 0(0.1) However, small branching ratios
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Figure 3: The CP asymmetry parameter Acp (left) and branching ratio (right) scanned in the region
My in [0.1,10] TeV and the ratio M7 /My in [0.1, 1), where both masses are scanned in the logarithmic
scale. The red region refers to w = |0, 27] 4 ¢|—5, 5] while the blue region is the smaller w = [0, 27].

All oscillation parameters are scanned in the 3o ranges, w = |0,27| and { = +1 are used. The scan
performed for the ( = —1 branch gives the same distribution and is thus omitted.
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. . ) Balaji, Ramirez-Quezada,
A new source of photon circular polarisation YLZ, 1910.08558

> In a flux of photon, a net circular polarisation represents the number density asymmetry
between left- and right-circularly-polarised photons. It is

charicterised by the Stokes parameter

V=I|é -E|-|é_-E|

o Astrophysical sources

Faraday conversion, Bi-refringence, Synchrotron emission, ...

o Astroparticle sources: P and CP violation must be required

Boehm, Degrande, Mattelaer, Vincent, 1701.02754

o A net circular polarisation can be obtained CPV radiative decay of keV neutrino dark matter

Vo~ A2p, — Alp for Dirac DM
M .
V~AY for Majorana DM 36



. . . . Balaji, Ramirez-Quezada,
Circular polarisation released from decaying DM vyLz 1910.08558

~ A toy model: keV neutrino v, = DM
+ a pair of opposite millicharged particles ¢ & y

small millicharge O < 10™*¢ to avoid QED precision measurement

v(q)

Vs(ps) \ V’L(p’t)

m¢ + m,, < mgto generate imaginary part of loop integration

tiny A, to forbid fast decay of DM, and Im(1,(U"U), A*) # O for CPV

\)

=> V~ Algp ~ 107> still far away from being detectable 37



Probe GUT's via proton decay

Weak force

Electromagnetic
force

Strong force

Gravity... not included

New Physics

Grand

Unified
Theory
(GUT)
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A long road of unifications

Strong nuclear interaction (QCD)

- -

Electromagnetism

Electricity

Electroweak interaction

Magnetism

SUR), X U(l)y
Weak Interaction

V-E=4np
V:-B=0
ot F

VXB=4r) + —
ot

James C. Maxwell Glashow, Salam, Weinberg
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A long road of unifications

Strong nuclear interaction (QCD)

Electricity

Electromagnetism

Magnetism

Weak Iinteraction

V-E=4np
V:-B=0
ot F

VXB=4r) + —
ot

James C. Maxwell

Electroweak interaction

SUQ), x Uy

Glashow, Salam, Weinberg

Grand Unification?
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Roads to GUT's

Unification of symmetries Gour D Govy = SUQB) - X SU2); X U(1)y
Unification of couplings g = g, = g uptoaloop

correction factor

The scale where three gauge couplings are unified, denoted as Mgy in this talk

Unification of matters L Q

8 )
0 o

Y:—— :—— : :_

2 3 E 3

4]



Roads to GUT's

© Georgi-Glashow (1974) SU(5) Quarks & leptons ~ 5+ 10

> More realistic SU(S) e.d., iIncluding new particles to generate neutrino masses

SUS)XUM)p_;,  5+10+1, 05 ~1

* Flipped SU(S) X U(1)y Rujula, Georgi, Glashow (1980); Barr,(1982); Derendinger, Kim,

Nanopoulos (1984); Antoniadis, Ellis, Hagelin, Nanopoulos (1989)
u—d,vee

© Pati-Salam (1973), SU(4), X SU2); X SU2)p = Ga,

1 .2 .3 1 .2 .3 ¢
4.2.1): w, = U U u v) 312 =<u u- u v)
50w (d1d2d3eL( )R d' d® & e/,
- 50(10) GUTs 16=5+10+1=4,2,1)+ 4,1,2)
Fritzsch, Minkowski (1975) 50(10) SU(S)  SU#), x SU2), X SU2)g
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1st entity: groups & representations

SO(10) breaking chain

Gy = SU@) - X SU2), X SU2),
Gs, = SU5) X U(1)y

ZZC: W < Y

G, = Gy or Gyyy,
G351 =SUQB) - X SUR); X SUR2)p X U(1)p_;
Gy =SU@A) X SUR); x U(1)y
Gy =SUQB)-XSUQR), X U(1)g X U(1)5_;
Gy =SUQB) - X SUR), X U(l)y X U(l)y

Gov = SUQB) - X SU2); X U(1)y
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SO(10) phenos
Clnfla;tionD

“pejuemun

pajuemu

S100J0p
|esibojodo}
....[ea1bojodoy

ASNS ul sbung

ASNS-UOU UI }98J9p pajuemun

---------------------------

gProton decay}

. .
. v
.~ .

(d)

£ S = i OCDP A
: o~ 2T

> . S - RS Gahe
Se o

Fermion masses and mixing

o2
. - - = - .“44 o
s - - -~ :

Unwanted topological defects:
monopoles and domain walls

In any breaking chains, inflation has to been
introduced to inflate unwanted defects

Gy = SU@) - X SU2), X SU2),
Gs, = SU5) X U(1)y

ch: W, < Yy

G, = Gy or Gyyy,
G351 =SUQB) - X SUR); X SUR2)p X U(1)p_;
Gy =SU@A) X SUR); x U(1)y
Gy =SUQB)-XSUQR), X U(1)g X U(1)5_;
Gy =SUQB) - X SUR), X U(l)y X U(l)y

Gov = SUQB) - X SU2); X U(1)y
King, Pascoli, Turner, YLZ, 2005.13549
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Upcoming large-scale neutrino experiments

Hyper-K

expected to
run in 2027

188 kt FV
~6 % 10%

proton

JUNO, run next year Sanford Underground
33 Research Facility
20kt FV ~ 7 x 10°° proton

Fermilab

* pomiles T
"'/’6_300 k“ome _Y-==LET e

v~-g';‘{--_‘f74\f_‘v~--'
e e
, V- S
- 25

el e

Vv -

DUNE, run in 20307
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Binding between GUT's and neutrino experiments

KamiokaNDE | edit] https://en.wikipedia.org/wiki/Kamioka_Observatory#KamiokaNDE

The first of the Kamioka experiments was nameci KamiokaNDE for Kamioka Nucleon Decay Experiment. it was a large
water Cerenkov detector designed to search+or proton decay. To observe the decay of a particle with a lifeti

8 as long as a

effectively if the targetfthe source of the protons) and the detector itself are made of the same material. Water is an idea

e el KamiokaNDE for Kamioka Nucleon Decay Experiment.

background from cos

muon rate in the KamiokaNDE experiment was about 0.4 events per second, roughly five orders of magnitude smaller than
what it would have been if the detector had been located at the surface.[]

production of Cere

The distinct pattern produced by Cerenkov radiation allows for particle identification, an important tool both understanding the
potential proton decay signal and for rejecting backgrounds. The ID is possible because the sharpness of the edge of the ring
depends on the particle producing the radiation. Electrons (and therefore also gamma rays) produce fuzzy rings due to the

. . TR . . . . N A :
multiple scattering of the low mass electrons. Minimum ionizing muons, in contrast produce very sharp rings as their heavier ﬁﬁxgji@’
mass allows them to propagate directly. .

A model of KamiokaNDE =
Construction of Kamioka Underground Observatory (the predecessor of the present Kamioka Observatory, Institute for

Cosmic Ray Research, University of Tokyo) began in 1982 and was completed in April, 1983. The detector was a cylindrical tank which contained 3,000 tons of pure
water and had about 1,000 50 cm diameter photomultiplier tubes (PMTs) attached to the inner surface. The size of the outer detector was 16.0 m in height and 15.6 m
in diameter. The detector failed to observe proton decay, but set what was then the world's best limit on the lifetime of the proton.

KamiokaNDE — Kamiokande-l| — Super-Kamiokande —

Observe Observe
neutrino flux neutrino
from SN oscillation

Masatoshi Kos

1987A in 1998




Proton decay measurements in upcoming neutrino experiments

1033

Super -K ruled out)

031 1032
minimal SU(5)

—

1037

034
i

035 1036
minimally extended SU(S

mlnlmal SUSY SU(5)

SUSY flipped SU(5)

SO( 10

minimal SO(10): Mini= Ga22p
SUSY SO(10)

SUSY SO(10) in 6D
Es: Mint= G4221 D

— Es: Mint= G333 —> G3221
' N T .

Mini= G3221p

o -> e* ¥ predictions

m—= Hyper-K (20 yrs @ 190 kton)

Future sensitivity [90% C.L.] \
=== DUNE (10 yrs @ 40 kton)
wem DUNE (20 yrs @ 40 kton)
w== THEIA (10 yrs @ 80 kton)
wess THEIA (20 yrs @ 80 kton)
wes Hyper-K (10 yrs @ 190 kton)

IGEISIISESTION ~ Super—K (ruled out) .IIIH
SUSY SU(5) [CMSSM: c+0]

SUSY SU(5) [super-GUT: c#0]

mini-split SUSY SO(10)

extended SUSY SO(10) [type-| seesaw]

extended SUSY SO(10) [type-Il seesaw] . I IIH

p —> V k™ predictions

== DUNE (10 yrs @ 40 kton)

_ SUSY SO(10)xUpq(1)
L .| A R Bas |

10°" 10°2 10%° 1034
T (years)

1 035 1 036 1 037

Snowmass, 2203.08771

= JUNO (10 yrs @ 20 kton)
=== DUNE (20 yrs @ 40 kton)
wess Hyper-K (10 yrs @ 190 kton)
= JUNO (20 yrs @ 20 kton)
THEIA (10 yrs @ 80 kton)
=== THEIA (20 yrs @ 80 kton)

mm= Hyper-K (20 yrs @ 190 kton)
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Proton decay in SO(10) GUTs

(p>7110e) [year]

1 039
1 038
1 037

1 036

— — — — — —
- - - - - -
w w W W w W
S = N & N On

—

)
N
(o

T T T

‘ ‘ ‘
5 1 74
*
15

- Hyper-K sensitivity

Super-K bound ”3// =
JM - Hyper-K sensitivity 1A
127 -
7 10%° - |1 115 - 7
1112 i /II47\' 13
- g3 | =
1311615 0% %; Super-K boun\(t ;
!||11 N 106 -
[ I ‘ | [ ‘ | I S B ‘ | [ S N ‘
1014 1015 1016 1017
GUT Scale M1 [GeV]

defect defect defect
1 —
SO( ) Higgs Higgs 1 Higgs GSM
111 - G - G —
210 422 45 3221 126
m,s m S, W
112 — GA%Q — G%Ql —
54 210 126
m,s m,w S
I13: — GE‘ZZ — G3221 —
54 45 126
m,s W S
I14: — G30221 — G3221 —
210 45 126
m m S
115 — G422 — G421 —
210 45 126
m,s m S
116: — G%y — G —
54 45 126
m,s m
117: — Gy — Gap —
54 210 126,45
m m S
I18 — G321 — G311 —
45 45 126
m,s m,w S
I19: — G30221 — G3211 —
210 45 126
m m S
I110: — G422 — G3211 —
210 210 126
m,s m,w S
I111: — G%y — G311 —
54 210 126
m m S
1112: — G421 — G3211 —
45 45 126

King, Pascoli, Turner, YLZ,

2106.15634
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Proton decay in flipped SU(5) u->d, vee

140% I | | ‘if 1007 16'
% >l o = 0 14 |
: o S B S 50 40 !
120 = o 3 5 12 |
: = = = o 1.0 |
: : o 2 08
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40? 052_1 : :@:1: E | | | | | | | | | | | | |
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Q [GeV] f p— mlet
0.100 .
=
1;0010 p—>K06+ .
King, Leontaris, YLZ, = 3
2311.11857 0.001. |
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Precision measurements of lepton mixing in upcoming neutrino experiments

An era of precision measurement of neutrino oscillations!

6 years 20 years
102 __I | | | | | | o I E | | | | Ii I | | | | | | | [ I _
- i i — Stat.+syst. -
_”* i A Stat. only .
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ol TS ' i 4 sin%6; 8 sin%6:;

llllll]
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Thermal leptogenesis in SO(10)

- SS e 5
° .?‘:: . :1.... o
-?—& ~;.u::)%\‘(

100, é 4
~ 0 « \(_D/
o S o

— 1001 S A
R 1
o o\-‘o.::: o ® (:
et YLt Ll
-~ , .ot‘ ~d
40 45
03 (°)
e = 3 3.0
Y 2.51

1001 7,

e o 20

o 5@ e'%W %
:i; 0 D15

o S48 94 Z
- = 10

—100: Y
. o 0.51
A
45.0 475  50.0 525  55.0
03 (°)

)(2 <10 & logyy (ns/n5") _

—1.0

x 1013

1071

0.2

x 1013

5
My

1

0.50

0.75
(GeV)

1.00 10

x 1012

10°

Q‘( ‘

/

1071

0.25

0.50

0.75

M Ny (GGV)

—0.5

1.00 10

x 1012

0.0

0.5

KamLAND-Zen Upper Limit

-1 10V 10* 102

ma (meV)

102

KamLAND-Zen Upper Limit

Data of quark masses,
CKM mixing, lepton
masses, PMNS mixing

\

Heavy neutrino masses
and Dirac v Yukawa
couplings

CP violation in heavy
neutrino decay

\

Thermal leptogenesis

—1 10V 10* 102

my (meV)

Fu, King, Marsili, Pascaoali,
Turner, YLZ, arXiv:2209.00021
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Undergoing and upcoming GW measurements

Pulsar-Timing Arrays (PTAS)

Ground-based ;%
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Mechanisms of gravitational wave (GW) genesis in GUT's

GW via cosmic strings

© Most GUTs include a U(1)s-L symmetry.

m(U(1)) =2

© Spontaneous breaking of this U(1) generates cosmic strings.

~ Strings intersect and intercommute to form loops and cusps

~ Loops oscillates via gravitational radiation Vanchurin, Olum, Vilenkin, 0511159

sound waves

ot . \
- ——
- ="

— - &9 \ I B
N >)))) /’,IIIII ;\: |
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Predictions for GW spectrum in SO(10) GUTs
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King, Pascaoli,
Turner, YLZ,
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Gauge unification correlates GUT scale with intermediate scales

A toy model
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Gauge unification correlates GUT scale with intermediate scales
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Announcement of PTA measurements this summer

On 28 Jun 2023

The NANOGrav 15 yr Data Set: Evidence for a
Gravitational-wave Background

2306.16213

The second data release from the European Pulsar
Timing Array lll. Search for gravitational wave signals

2306.16214

Search for an isotropic gravitational-wave background with
the Parkes Pulsar Timing Array

2306.16215

Searching for the nano-Hertz stochastic gravitational wave
background with the Chinese Pulsar Timing Array Data
Release |

2306.16216

If cosmic GW background is observed, then what is the origin?

S/



GW from metastable cosmic strings in GUTs, supported by NANOGrav 15

GWs in SUSY SO(10) GUTs
Fu, King, Marsili, Pascaoali,
Turner, YLZ, 2308.05799
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Complementary test of GUTss

SO(10) GUT

Broken at M

Potentially E
intermediate
New Physics

------ : Gauge unification

G, D Gy X U(D)p_;

Broken at Mp_;

Potentially My =yyvp_; S Mp_;
intermediate : | |
New Physics

M, < M,_,

Standard Model v

Proton decay

-— .  (Gravitational waves

D

consistency with fermion
masses and mixing

Successful leptogenesis?
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Thank you for your listening!
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