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® Neutrino Oscillation & Mixing Patterns

® CP Measurement & New Physics

® Neutrino Properties (Dirac vs Majorana)
® Neutrino vs Dark matter

® Neutrino with Beams

1) Neutrino @ Collider exps
2) Neutrino trident production & beam dump

3) Neutrino collider

B8 [gesf@sjtu.edu.cn] P FIEICHE2022 2



Current Status of v Oscillation

){‘b‘i ARV

Tsung-Dao Lee Institute

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax* = 7.0)

bfp £1c 30 range bfp £1o 30 range
sin? 0y, 0.304100%2 0.269 — 0.343 0.30410003 0.269 — 0.343
012/° 33451077 31.27 — 35.87 33457078 31.27 — 35.87
sin? 03 0.450 001 0.408 — 0.603 0.5700:0%¢ 0.410 — 0.613
B3/° 4217} 39.7 — 50.9 49.0103 39.8 — 51.6
sin? 13 | 0.0224610000%5  0.02060 — 0.02435 | 0.02241 7505075  0.02055 — 0.02457
013/° 8.627013 8.25 — 8.98 8.617015 8.24 — 9.02
dcp/° 230138 144 — 350 27872 194 — 345
Ay 7427021 6.82 — 8.04 7427021 6.82 — 8.04
10_5 ev2 = —0.20 : * = —0.20 ’ ’
.r’_‘-.ﬁ'*r,zF
T 3fV2 +2.510700%7 42430 — 4+2.593 | —2.490700%  —2.574 — —2.410
N . .

Gonzalez-Garcia, Maltoni & Schwetz [2111.03086]

Daya Bay heralded a new era of precision measurement in 2012!
Kam-Biu Luk @ Neutrino 2022

BE#8% [gesf@sjtu.edu.cn]
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Neutrino Mixing Models

® Discrete flavor symmetries Ss, As, S4, A(27), ......

Harrison et al., 02
Xing , 02 Vi vE o Daya Bay Nonzero 6
He, Zee, 03 -
 Z€e, U. =|-./2 /L _ /2 —— - :
TBM \/E \/g \G Beyond Tri-Bimaximal
6 3 2

Z.Z. Xing [Phys.Rept. 854 (2020) 1-147]

® CP-like flavor symmetries S:xCP,Z;xCP, ......
my(¢) = X;" mu(X6%) X Xoo* # ¢

® Modular invariances Liu & Ding [2112.14761]

4D = < at+b
X ‘L'—:r}f'rs
cT+d
= w1

® Gauged flavor symmetries ggr(“z%;’lf‘ 1R(())T§8C|)n7? [Rev.Mod.Phys.

SFG, Kusenko, Yanagida [1803.03888]

® (Symmetry-assisted) anarchy models
Barrie, SFG, Yanagida [1911.07430]

B8 [gesf@sjtu.edu.cn] P FIRICHE2022 4



Flavor Symmetry Approaches A Ay
Tsung -Dao Lee Institute

® Full symmetry has to be broken & not the one dictating mixing

L E | 2 —1 Same doublet ‘ UJUV:[
EL ¢ 5

Many other things (Yukawa couplings, VEVs) may enter.

® Bottom-Up vs Top-Down Lam, PRL101:121602(2008), PRD78:073015(2008)
H=G X F g F
Sa 75 x 7" Zs={l,F,F?}

{G1,G3,F} Gi(G), Gz F =diag (1,w,w?)

Bottom-Up 1} |l Top-Down

See also Smirnov et. al., [1204.0445, 1212.2149, 1510.00344]
BSER# [gesf@sjtu.edu.cn] iR FIEL#HE2022 5
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Residual vs Custodial symmeties

® |f mixing is determined by symmetry, it has to be the residual one

G'M,G, =M,
vIM,V, =D, E— G, =V,d, V)
=d'D,d,

vii G=1757>)x 7 for di=diag (+1,+1,+1)
b: FeUl)xUQR) for d]=diag ("1, e, )

® Analogy with custorial symmetry

5, DEIEED 2 2
. (55 — G5 sr)(ca - Sa) _ ‘A/[W — 1
cos Op = N e T —
4C353C5555r MZ COS QW
Sum rules SFG, Dicus, Repko [1104.0602, 1108.0964]

Precision measurement of the leptonic CP phase is important!
=581 [gesf@sjtu.edu.cn] P FIRICHE2022 6



Experimental Tests
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e discrete symmetries w/ CP

m discrete symmetries w/o CP (NO)
discrete symmetries w/o CP (10)

A modular symmetries (NO)

v modular symmetries (10)

e discrete symmetries w/ CP

m discrete symmetries w/o CP (NO)
discrete symmetries w/o CP (10)

A modular symmetries (NQ)

v modular symmetries (10)

Petcov [1711.10806]; Gehrlein, Petcov, Spinrath & Titov [2203.06219]



ATLE & LHC in 2012 Ot

® Higgs boson = electroweak symmetry breaking & mass. ~ O(100)GeV

® Chiral symmetry breaking = majority of mass.

® The world seems not affected by the tiny
neutrino mass?

@ Neutrino mass = Mixing

@ 3 Neutrino = possible CP violation

o CP violation = Leptogenesis

o = Matter-Antimatter Asymmetry

@ There is something left in the Universe.

o EW Baryogenesis is not enough.

LHC @ July 4, 2012

Bt8% [gesf@sjtu.edu.cn] i FIRIC#E2022 8



i+ CP 18 oo BUMISENIK

CP violating phase (dcr)
can take a value between -180° and 180°

« CP symmetric
(No neutrino-antineutrino difference)

Disfavored

region at

the 30 C.L.

Enhance electron

antineutrino appearance

180° «— CP symmetric
+180 (No neutrino-antineutrino difference)

Fig.1 The arrow indicates the value most compatible with the data. The gray
region is disfavored at 99.7% (30) confidence level. Nearly half of the possible
values are excluded.

Enhance electron neutrino
appearance

https://www.kek.jp/en/newsroom/
attic/PR20200416_T2K_E.pdf

A BAEvT

Tsung-Dao Lee Institute

Nature vol. 580, pages 339-344(2020)

® Exclude almost half parameter
space @ 30

® Best-fit value close to maximal
CP (-90°)

® |n tension with NOVA

—T— | 0.7F e A ]
Normal Ordering [ Inverted Ordering i
..................... 0.6~ )
- o : 4
o N i A
o € o5 ¢
> S G- - @ i
0.4 -
T2K, NEUTRINO 2020: @ BF —<90% CL ==~ < 68% CL [, Te-HEUTRINCERRR: T =90%CL v <68%CL ]
NOVA: +BF Dsgo%a .sBB%CL 0.3 . NOVA ! |=80% CL IDSBB% CL—:
I T T A
cP
Bi8% [gesf@sjtu.edu.cn] higFIEICHE2022 NOVA [2108.08219] 9
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Future Accelerator Exps

" NOVAFar Detector (Ash River, MN)

.ﬂ
) e
okt gt A1 F — =
® Flux upgrade: T2K-II, NOVA-II? “ih — g
2041 -
® Detector upgrade: T2HK \
. 0 i mfé&‘}}‘.“)‘ﬁ“}ﬁ, IIIIII‘.{/IHHIH;\ ||||||||||||||||||||||
® Baseline upgrade: T2KK, T2KO osll] o) | |
e MOMENT Cao et al [1401.8125] .so4f|
Tang et al [1909.01548] “ ana, |
® In china? Tang, Vihonen & Xu [2202.13595]  ° ““""M‘é""‘ﬁ"’
® Atmospheric
Super-PINGU: Razzaque & Smirnov [1406.1407] 1] tl | n 4; ’
JUNO: An et al [1507.05613] LA R e B h S W S

DUNE: Kelly, Machado, Martinez-Soler, Parke & Perez-Gonzalez [1904.02751]
Super-ORCA: Hofestadt, Bruchner & Eberl [1907.12983]

B8 [gesf@sjtu.edu.cn] i FIEiCiHE2022 10



CP Measurement & Issues AT

Tsung -Dao Lee Institute

., = amsin(26s)sin(26,)sin(26,) cos 8, sin dp

@ 1% oscillation peak

o Efficiency:
@ Proton accelerators produce v more efficiently than 7 (o, > o%).

@ The 7 mode needs more beam time [T+ : T, =2 : 1].

@ Undercut statistics = Difficult to reduce the uncertainty.

T2K v,

mmm NOvA v,
DUNE v,

0.200{

0.175{

o Degeneracy: N

3 0.150
i,
=0.125

@ Only sindp appearsin Py, ., & Py, 5.

> 0.100

&5 0.075 )| |

@ Cannot distinguish dp from 7 — dp.

0.050{( |
|

0.025

0.000

1

o CP Uncertainty 2 35 ox cosdp = A(dp) x 1/ cosdp
SFG [1704.08518, PoS NUFact2019 (2020) 108]

B8 [gesf@sjtu.edu.cn] P FIRICHE2022 11



Confusion from New Physics A d AT

Tsung-Dao Lee Institute

® Non-Standard Interactions

1 0 1+ €ce €ep Eer Du, Li, Tang, Vihonen & Yu [2011.14292,
H=U Am? U Ve | 8 Eup 2106.15800]
v 2 * *
Am; €er  €ur Err Tang & Zhang [1705.09500]

Du, Li, Tang, Vihonen & Yu [2106.15800]
Scalar NSI: SFG & Parke [1812.08376] Smirnov & Xu [1909.07505]

® Non-Unitary Mixing

oy 0 0 SFG, Pasquini, Tortola & Valle [1605.01670]
_ MNPy _ id Tang, Zhang & Li[1708.04909]
L L a2]e® oz 0 U Hu, Ling, Tang & Wang [2008.09730]

a31 «32 (33
® Sterile neutrinos Chatterjee & Palazzo [2005.10338]
® Lorentz violation Rahaman, Razzaque & Sankar [2201.03250]
Berlin [1608.01307] Liao, Marfatia & Whisnant [1803.01773]
¢ Dark NSI Chao, Hu, Ji & Jin [2009.14703
Zhao [1701.02735] a0, Hu, Jiang & Jin [ : ]
Brdar, Kopp, Liu, Prass & Wang [1705.09455] SFG, Murayama [1904.02518]

B8 [gesf@sjtu.edu.cn] P FIEICHE2022 12



Tension between T2K & NOVA

j-\llid_ldr"w—*

Tsung-Dao Lee Institute

. 07 _
Normal Ordering Inverted Ordering i
__________ 0.6 .
............ ! ;
& & [ i
‘f & 0.51 h
» D WU @ i
- 0.4 i
ToK, NEUTRINO 2020:  BF — = 80% CL -~ =68% CL ] - T2K, NEUTRINO 2020: —=<90%CL =+ < 68% CL E
NOVA: +BF I:IsQD%CL .sSB%CL_: 0_3:—| o INO"A: o 5.90?’ ok DSE’ZB"’ICLI -
e — ~ 0 i T 3n 2n
0 I E 3 21
2 - 2:.: . dcp 2
NOVA [2108.08219]
® Non-Standard Interactions Denton, Gehrlein & Pestes [2008.01110]
® Non-Unitary Mixing
Rahaman, Razzaque & Sankar [2201.03250]
® Lorentz Violation
® Sterile Neutrinos Chatterjee & Palazzo [2005.10338]
B8 [gesf@sjtu.edu.cn] iR FIEILHE2022 13



DAESALUS with uDAR R LENS

Tsung-Dao Lee Institute

Primary
Cyclotron

()SQ maximum
at ~40 MeV

Initial flux o prelbalily

Injector Cyclotron
Target/shielding

7T+—>-,u++v,_,,
pt —et +7, +ve

RATHT (FREHIE
@ Disadvantages: HRYERID. TE)

@ The scattering lepton from IBD @ low energy is isotropic.
_|_

e Cannot distinguish 7, from different sources Ue +D—€'MN
o Baseline cannot be measured.
o Cyclotrons cannot run simultaneously (20~25% duty factor).

o Large statistical uncertainty. Conrad & Shaevitz [0912.4079]
VIlZ .

o Higher intensity is necessary. Agarwalla, Huber, Link & Mohapatra [1005.4055]

o Expensive & Technically challenging. DAEJALUS [1006.0260, 1307.2949]

B8 [gesf@sjtu.edu.cn] P FIRICHE2022 14
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50°

40°

=30° i

Average A(S
Average A(D)

20°

10° |-

o° 0] 1.0 2.0 3-0 4.,0 5-0 l -!:‘:0 7 70 [0} . 10 20 30 40 5-0 . E;D 70
1 P’;DAR source _|_ 2 detectors Baseline Length [km] Baseline to SK [km]
Evslin, SFG, Hagiwara [1506.05023]
Advantages SFG, Pasquini, Tortola, Valle [1605.01670]

SFG, Smirnov [1607.08513]

@ Full (100%) duty factor!
@ Lower intensity: ~ 9mA [~ 4x lower than DAESALUS]

@ Not far beyond the current state-of-art technology of cyclotron
[2.2mA @ Paul Scherrer Institute]

@ MUCH cheaper & technically easier. Disadvantage: A second detector!
@ Only one cyclotron.

@ Lower intensity. Harnik, Kelly & Machado [1911.05088]

Sf8# [gesf@sjtu.edu.cn] P FIEICHE2022 15



UTHEIA A AT

Tsung-Dao Lee Institute

NOuA T L E I N L e
p%*l | — T2K otape ! NOwA T
o Op " = —108° T op " = 148°T5r
Sanford Underground
Rasoarch .Fr.lllﬂf [El_)zzl'fj )_._‘
it o WD o
Fermilab .-”_\{SD ﬂtjD
T2HK 9o o
(g =1 0.06) }_._{ +22 +10 M
DAESALUS }—'—{ +18° +28° }—'—{
DAESALUS + JUNO o o
(10 MW) }_._{ +18 +21 }_._{
DUNE 5] o
oNE —— 116 £12° e
MOMENT }—.—{ £O - }_._{
{10% norm) +15 +15
T2HKK }—.—{ o o
(g =1 0.06) +13 *7 M
THEIA25 TNT2HEK o Eo
B vr2n — 419 +5 -
DUNE + ;ITHEIA—25 )—.—{ :I:]_]_O :I:lno )_._{
(g=1+0.1) '
THEIA [191103501, 220212839] DUN]?Q_‘_:#{I':‘:I_LEJ]A_IUO I_._{ 4-8° +7° M

—180° —135° —=90° —45° 0° 45 90°  135°  180°
op
SFG, Kong, Pasquini [2202.05038]
BEA% [gesf@sjtu.edu.cn] rhiy FIEIC#H E2022 16




LMA-Dark Solution A
Tsung-Dao Lee Institute

® Degeneracy between oscillation parameters & NSI

| 0 Cr2 0 ’r sinfls <> cosfs,
H= 0 A 0
o5 |V 0 "'SQIA 2 v ap —¥ um—0p
31 2 2 2
) Am: — —Am. +Am,
1 _Z‘Eee €Cep Cer €ce — i | Eces

Ta | €y Cup Cpr

€or  €pr €rr) Problem solved!

104

1073

vV |24 8v. |

Dresden—II
= mod. Lindhard QF
. m [ron QF
-1 -08 -06 04 02 0 02 04 06 08 58 - - |
S 1 2 5 10 20 50
Coloma, Gonzalez-Garcia, Maltoni & Schwetz [1708.02899] Mz [MeV]
Farzan, Lindner, Rodejohann & Xu [1802.05171] Denton & Gehrlein [2204.09060]

B ERE [gesf@sjtu.edu.cn] R FIEiC#HE2022 17



LMA-Dark vs 0v2p j;gtgﬂﬁ:

e LMA-Dark affects solar octant sinfls <> cos 6

Mee = CoCoMN el c2simg + sfm;;e“im
100F
—~ 111 ] ottt e
> :
- 4
I | e o =
3 =
3 =
E (x3) w/JUNO wjo JUNO )
= O0.lFNoro s --- . 3
NO-HO Il ----- 1.! E
0,01 “? i IIIIiI |_T|_|:u|| 1l
0.01 0.1 1 10 100
m, (meV)
Independent check with 0v2f3! SFG & Jing-Yu Zhu [arXiv:1910.02666]

Vishnudath, Choubey & Goswami [1901.04313]
B8 [gesf@sjtu.edu.cn] R FIRie#HE2022 18



1meV frontier of 0v2f3

hierarchical cancellation quasi—degenerate =
, (only nommal) ® Nonzero - only 1 Majorana CP
VAm3 ¢}, cos 201,
" / o Mee| = f
> -
= oo ® Zero - 2 Majorana CP phases
£ Amg;2 >0 25
0.001 e
) — VBT IMee| =0 = R(mge) =I(Mge) =0
Am, S%QC% S P EE EE EE
0.0001 L It o
~70.0001 0.001 0.01 0.1 1
o Mee| < f = R(mee) <f I(mee) < f
g 2 O 2 2 2 T3y
N Mee = CComM1€ M + o8 ma + s mge'™3
300 Im A Majorana Triangle
‘200 “_“I /’,’ \\\ L
— L l’ \\\Il” ’’’’’ S
o : my [eV] ! ™
oo | - ! Ly AN, N\
¥ 10733 i dmi—mi W .
0 & i 0 \ L] | Re
S ) > 1 ‘ ! ’l
o, T® 5 N /
@ ‘LQ \\ ps.. e
\\\ ,”1-2\ “““““ -
Xing [hep-ph/0305195] Gy, Ny "
/ 10\9 ‘ Q\ ________

Xing, Zhao & Zhou [1504.05820]
Xing & Zhao [1612.08538]
Cao, Huang, Li, Wang, Wen, Xing, Zhao & Zhou [1908.08355]

B8 [gesf@sjtu.edu.cn] P FIRICHE2022
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SFG & Manfred Lindner, [arXiv:1608.01618]

19
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Catching 2 Majorana CP Phases

T e B L S PR
2.4 4 2.4 4 2.4 .
Cos Oppq = — mic, Cs + m5c,s; — m3s, ol |
2m1 1"?’12(1‘:}C1'52552 E
% - my=4meV’
g s i
michct — mictst — mist J g iy
COS OM3 = —— : | .
2mymscsses: s J
I m =6meV |
fee lase  bec b5 m0c mse o
® JUNO can significantly reduce uncertainties dwi [Degree]
13{}'3‘_% w77
(a) - — (b)
Prior | Posterior e ]
135° 135°% .
m, = 3meV | my=3meV —E—
4maV - i dmeV - —_— |
gl Fot _— -
Turning Point +—=— | Turning Paint —=— /
45° 45°- | .
..-l‘f i
0° ’ Pl N I U S RSN BNPUNR S .
180°  185°  190°  195°  200°  205°  210° 180° 185 190 195 200° 205" @ 210°
S Gy
SFG & Manfred Lindner, [arXiv:1608.01618] see also SFG & Rodejohann [1507.05514]
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Models for Vanishing me. Rt L e
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® |In seesaw mechanism

2
_ 772 2 _ (p~)
Meft = ;WU@@- + ZI:fﬁ(MI)MI@eI fe(Mr) = %) 1 I
1 V(P2) = 200 MeV
2
e — Z miUei
7
0 Mp
Mei en — UT U*
1 g (Mg MI)
Mess = 0

Asaka, Ishida & Tanaka [2012.12564, 2012.13186, 2101.12498]
Fang, Li & Zhang [2112.12779]
Zhao, Zhen-Hua [2205.01021]

B8 [gesf@sjtu.edu.cn] P FIEICHE2022 21
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P-4\

0 Om 02

Independent check: CvB

RIFHIE + FEFBIWEIE !
WIATFE, SBIREEK !

e Fermi-Dirac Distribution
d3p(z) 1

an,,. = Z
v (27)3 er(2)/Tu(z) 4 1° p(2) 1+ z¢ 6
currently n, = 56/cm?.
e Detection Cross Section
vy VR 51_ IjR
Weak Interactions v % v
Density ny,(z) 0 O ny(z) rCLfB — 2rCLfB
Helicity (p - o/|pl) — + + —
Today n-=n,(z) 0 0 ny=n,2) ] Lunardin &
Dirac v Detection v X X X ong, Lunardini
Majorana v Detection v X X 3 Sabancilar [1405.7654]
Zhang & Zhang [1712.01153]
® Test new physics
Thermal vs nonthermal productions Huang & Zhou [1610.01347]

B8 [gesf@sjtu.edu.cn] P FIEICHE2022 22



Electric & Magnetic Moments A EHET
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® Being neutral, neutrino does not have charge

® But can have electric & magnetic moments
Hy =v [_fM (qg)i‘gp:uqy T fE(qg)Jﬁaqu’Faﬁ] VAP:(Q)
Magnetic Moment  Electric Moment

1) Majorana neutrinos (uv)i; = — ()i and (e)i; = —(€v)ji

2) Dirac neutrinos nonzero diagonal (€, );; also indicates CP violation
® Possible tests

(Ha5)? :Z > Uae (k)i = i) (1) = D ()i * + I(ew)i?

Scattering & recoil Stellar processes

Giunt & Studenikin [1403.6344]
B8 [gesf@sjtu.edu.cn] 7RIS E2022 23



Events/(t-y-keV)

v Magnetic Moments @ DM Exps

100

80

60

40

20

120 - T T T T ] ! !
L T T T T T 1 160:— 4Data —Total Fitted —Flat ER ] g0l + Data — Bkg (VES sub.)
C l XENONIT ' 1405_ :?:; ATn::uml Nimxe E i sys & stat. —— VES SM
] 120 C_ e + Accidental + Neutron -1 E
n l l l 1 Ziook + e + 4 .0 . Wsys Bkg+VES (u51=2.15-10""" i)
I I ] ] I T | l B - s oy vES [uﬁff=2.15-]0"' up)
1T T I 5 SOF + s i

- 1 I [ I l j [ j ] = o +y TH < et
I ] 40F = E U
- . - — ] ;

XENONNT } I TR 5 C B
: | ™ -

1 IITE; {{Ih{{i} L o o 0}++++H+++++++++ ++
RN B R B -2
5 0T 20 s 30 5 SRV A I

A @My

Tsung-Dao Lee Institute

Energy [keV]

Luctyy [bev]

XenonlT [2006.09721]

Energy [keV]

PandaX-Il [2008.06485]

Reconstructed Energy [keV.]

LZ [2207.03764]

- 10—10 10_9_ I
PandaX-II
]: XENONIT I T
Borexino (5152) 10—10.
T 7 1 I — ¥
Gemma \J:‘ _\.‘. ’H | ‘l.‘l _ g
| _ —-11 :D'-!'.i = | T T I
White ! 10 E ‘6310_11 .
| dwarfs E [
: T Globular | T
Clustor XENONNT | |
T (This work) | 10712
(b) Neutrino magnetic moment 10-12 Si!pér-K Kamiand Geﬁ?ma Boré?(fno XENON!'T This -Work
' . (Lz)
XENONNT [2207.11330] Corona, Bonivento, Cadeddu,
Cargioli & Dordei [2207.05036]
BE8% [gesf@sjtu.edu.cn] rhiy FIEIC#H E2022 24



Light mediator @ v Pair Emission EElGEis

Tsung-Dao Lee Institute

1) Mass Song et al [1510.00421]; Zhang & Zhou [1604.08008]
2) CP phase Yoshimura & Sasao [1506.08003]

e) 3) Dirac vs Majorana Dinh, Petcov, Sasao, Tanaka & Yoshimura [1209.4808]

4) Unitarity Huang, Sasao, Xing & Yoshimura [1904.10366]
— |g) +v+ v B) Sterile neutrino  Dinh & Petcov [1411.7459)]

) 6) Axion Huang & Zhou [1905.00367]
Fukumi et al [1211.4904] 7) Dark photon Bhoonah, Bramante & Song [1909.07387]
10_“ ln_T LB LRLRALLL T T TTTTmm T T T T TTTTIm T T TTTm T T TTTImm T TTTTT
1015 Vector Mediator 10 E (9 —2)e x Meson Decay Scalar Mediator :
—15 £F .
10 ) ! 1”—(]
1~ 10-10
1(}_;: 101t
107 ; 1“—]2
10~20 _— . ] 14 M1987a x Meson Decay
3 #—— g"gy 1, Dirac 5 2 10 e D
1072 | : il ] e y“y%,, Dirac
BN === 4“9y Dirac == ; ———~7
) ca’ - Mai 10~ : Y¥py Lhrac
107% 4 gt-gi-” 3].0"3“3 ' 1A == y"y%,, Majorana 4
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SFG & Pasquini [2110.03510]
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v Moments @ v Pair Emission At d T

Tsung-Dao Lee Institute

V) 2
- v, Y By (m3 + mj)
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' oo i, (k'
. q q
Fukumi et al [1211.4904]
By ' i L L L L L I L L
‘{-{_ |(120)ij] = 3 % 107 pp _ Yb, NO, m; = 0.01 eV Borexino
t % C10E e —— RENP g,
6L g F T e RENP ¢, 7
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x 4t B = %33:.;,,:; S T
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ik (1,2) (2,3) ! ] - — (1,1) - (1,3) v (2,3) 7
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Can disentangle EDM & MDM elements! SFG & Pasquini [2206.11717]
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Faked 0v2p A @Ry
Tsung-Dao Lee Institute

e Cancellation between Majorana masses

U

YV d
d » - e u
\ Gu, Pei-Hong [2101.00212]
e Dark NSI . )
d > /j': € d == /-; &
R ! Enviromental
> T o ¢
effect!
d > R e d » X e
u u Huang & Nath [2111.08732]
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v Oscillation vs Dark Matter ARy

Tsung -Dao Lee Institute

¢ v-DM coupling + Fuzzy DM

1 1
—-LD mebéz—l_Emiﬂiyi+gqﬁ¢bﬂly2+"'
o(x) =~ \/QEEM@) cos [my (t —7-T)|
¢

10—26’ PR T PR i g g ol L0 aaas
102 102! 1072 107" 10718 1074
my[eV]

® Neutrino oscillation parameters receive corrections

cos 612 9o v 2 P

Dark NSI  sinf2(t) ~ sin 2 + cosmeg t

&mlg m¢
Berlin [1608.01307] Brdar, Kopp, Liu, Prass & Wang [1705.09455]  Chao, Hu, Jiang & Jin [2009.14703]
Zhao [1701.02735] Liao, Marfatia & Whisnant [1803.01773] SFG, Murayama [1904.02518]
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Sterile Neutrino Dark Matter Ath g5

Tsung-Dao Lee Institute

(% —HE %)fS(E,t) = E sin”(205 (B, 1))T(E, t)] fa(E,t)

—— NuSTAR M31 (This work)
I NuSTAR Deep Sky
NuSTAR GC

10—10

Et

- .
,% 0B Kopp [2109.00767] 7 W
— e Original Dodelson-Widrow mechanism
10—13_ .
T — excluded by X-ray constraints
—1451F A ] ] ‘"ﬂ 1 1
107 —— 2 o MSW resonant production shi& Fuller, PRL99
m; [ keV ]
] ] X Y Bringmann et al [2103.16572;
e Pandemic production % 2206.10630]
v X ) ] )
e Dark NSI e Neutrino self-interactions
y A2 (Sing 29eff) Gouvea, Sen, Tangarife & Zhang [1910.04901]
sin“ 26,,, ~ T 5 Kelly, Sen, Tangarife & Zhang [2005.03681]
AZ (sin” 20.g) + (A — Vr) Chen, Sen, Tangarife, Tuckler & Zhang [2207.14300]
Berlin & Hooper [1610.03849] e Pseudo-Dirac Sterile DM

Chao, Jiang, Wang & Zhou [2112.14527]
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Neutrino @ Collider AT Lt

Tsung-Dao Lee Institute

4
10 . CMS HGCAL SND@LHC FASERv

4 B —ol e
— | bottom charm
> T Ll ."-‘ B '."’ . L
O
= 103 =
L ]
> ]
o ]
Q =
jan
L 4
e
o 2
E 1073
: -
(] ]
= ]

10
0

Neutrino Pseudorapidity n

[
FASERv [1908.02310]
® SND@LHC
Scattering and neutrino detector of ShiP [2002.08722]
® CMS Foldenauer, Kling & Reimitz [2108.05370]
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Neutrino Trident Production A BT

Tsung-Dao Lee Institute

Gtrident /Occ

E, [GeV]

® Existing CHARM-II, CCFR, NuTeV  Altmannshofer, Gori, Pospelov & Yavin [1406.2332]
Magill & Plestid [1612.05642, 1710.08431]

® DUNE near detector Ballett et al [1807.10973, 1902.08579]
Altmannshofer, Gori, Martin-Albo, Sousa & Wallbank [1902.06765]
o Atmospheric neutrinos SFG, Lindner & Rodejohann [1702.02617]
® : Zhou & Beacom [1910.08090, 1910.10720]
Even hlgher energy Sun, Zhang, Hu, Xu & Gao [2201.03580]

o
Models Shimomura & Uesaka [2009.13773]

Snowmass, Dark Sector Studies with Neutrino Beams [2207.06898]  cheng, He, Huang & Li [2204.05031]
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Neutrino Collider A 45
Tsung-Dao Lee Institute

R~k ® Neutrino from muon beam

e W0 With a TeV scale ut — et ., beam, if the collision
beams from the other side are of e, e™ and u—, respec-

shield

m

Yang, Qian, Deng, Xiao, Gao, Levin, Li, Lu & You
[2204.11871, 2205.15350]

® Neutrino from (proton, muon & pion) beams

1) Neutrino + Quark; 2) Neutrino + Lepton; 3) Neutrinos

Schwienhorst [0708.0160]
® Neutrino from reactor
v, appearance experiment:

v’ reactor (v, — v,) +accelerator p - u* +n
v E., =19 GeV Ichikiawa @ NuFact 2018
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® Neutrino Oscillation & Mixing Patterns

® CP Measurement & New Physics

® Neutrino Properties (Dirac vs Majorana)
® Neutrino vs Dark matter

® Neutrino with Beams

1) Neutrino @ Collider exps
2) Neutrino trident production & beam dump

3) Neutrino collider
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A BT

Tsung-Dao Lee Institute
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CP Measurement it uﬁ."‘T"""’

5M

@ To leading order in ov = ~ 3%, the oscillation probability

|5M31|
relevant to measuring dp @ T2(H)K,

Ulu—:"ye

2

— 8C252C25,CsSs SN 15N 31 [cOs Spcos 3ptsin dpsin B3]

dm2L
for v & 7, respectively. [¢j; = :5 ]

@ Run both v & 7 modes @ first peak [¢31 = 7, P21 = 7],

2 2 2
PF”—i-Fe + Pvp,—we — 25

PFH—?FE _ PU,u—}Ue = a7 Sln(295)5in(2ef') Sin(QQE)COS 9,- sin 50
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Majorana Pyramid Ay
Tsung-Dao Lee Institute

Sensitivity <m > PP [me V]

~1

SFG & Manfred Lindner, [arXiv:1608.01618]
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Majorana Pyramid A d ARy

Tsung-Dao Lee Institute

- g b
! —a 1 L, W § b bk A I \
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Majorana Pyrami

SFG & Manfred Lindner, [arXiv:1608.01618]
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