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Neutrinos & neutrino physics

Neutrinos are the most mysterious particles in the SM

Cosmological QCD electroweak GUT Planck
constant scale scale scale rnass

!
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 They are the lightest particles observed
e They have the weakest interaction (except gravity)



Neutrinos & neutrino physics

Open questions in neutrino physics

® Normal or Inverted (sign of Am%,?)

® Leptonic CP Violation (& = ?)

® Octant of 0,; (> or < 45°7)

® Absolute Neutrino Masses (myjghcest = 07) u

® Majorana or Dirac Nature (v=v¢ ?)

® Majorana CP-Violating Phases (how?)

® Extra Neutrino Species ® Origin of Neutrino Masses
® Exotic Neutrino Interactions ® Flavor Structure (Symmetry?)
® Various LNV & LFV Processes ® Quark-Lepton Connection

® Leptonic Unitarity Violation ® Relations to DM and/or BAU

credit: Shun Zhou

Afterall, neutrinos are related to new physics



Neutrinos as the probe

e Collider neutrinos

Neutrinos are the lightest and weakest, so that it is difficult to “catch
them with the LHC detectors
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Neutrinos as the probe

e Collider neutrinos

Neutrinos are the lightest and weakest, so that it is difficult to “catch”
them with the LHC detectors
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Neutrinos as the probe

e Collider neutrinos

Neutrino sources
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Use neutrinos to probe neutrino interactions and species

FASER, 1908.02310 (EPJC)
Ismail, Abraham, Kling, 2012.10500 (PRD)



Neutrinos as a window to new physics

* New physics related to neutrinos

new pa rticleg :

A




Neutrinos as a window to new physics

 New physics related to neutrinos
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Neutrinos as a window to new physics

* New physics related to neutrinos
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unravel the
neutrino's
mysteries at the
LHC



Outline

e Majorana neutrinos and LNV
 0OvpBpB decay and LHC searches for LNV

e TeV scale LNV: EFTs and UV completions



Majorana neutrinos

Mass origin and Majorana nature -- top-layer questions

* How do neutrinos get their masses?

* Are they Dirac or Majorana fermions?

11



Majorana neutrinos

Mass origin and Majorana nature

* How do neutrinos get their masses?

* Are they Dirac or Majorana fermions?

Dirac mass: Majorana mass:
: (H) (H)
v X(H 4
(H);:i rY o v
_ - _ . -
Lp=—(Y’LHvg +hc.) Lor = (LAY (A'L) + he. VVeinberg
i operator
very small coupling (very) large scale
a la eg. type-l, Il, lll seesaw
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Majorana neutrinos

Mass origin and Majorana nature

* How do neutrinos get their masses?

* Are they Dirac or Majorana fermions?

Dirac mass: Majorana mass:
: (H) (H)
v X(H 4
(H);:i YY " &
_ - _ . -
Lp=—(Y’LHvg +hc.) Lor = (LAY (H'L) + hoc. | Veinbere
i operator
very small coupling / (very) large scale
a la eg. type-l, Il, lll seesaw

AL = 2 lepton numer violation

(LNV)
13



Majorana neutrinos

Mass origin and Majorana nature
* How do neutrinos get their masses?

e Are they Dirac or Majorana fermions?
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Majorana neutrinos

Mass origin and Majorana nature
* How do neutrinos get their masses?

e Are they Dirac or Majorana fermions?

 OvpB( decay is the most sensitive way to assess Majorana nature

Ovpp-Decay
e e
) LNV ‘

A(Z,N) A(Z+2,N-2)
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Majorana neutrinos

Mass origin and Majorana nature
* How do neutrinos get their masses?

e Are they Dirac or Majorana fermions?

 OvpB( decay is the most sensitive way to assess Majorana nature
e LHC is utilized to diagnose underlying mechanisms of Ov35 decay

Ovpp-Decay pp Collisions
e e
) LNV <

A(Z,N) A(Z+2, N-2)

credit: M. J. Ramsey-Musolf
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Neutrinoless double beta decay

 OvfBp decay in nuclei

Energy A

-
.

nuclear level: nucleon level: quark level:

(A, Z) = (A, Z+2)+e +e” nn — ppe e dd — uue e~

17



Neutrinoless double beta decay

OvpB3 decay in nuclei

An observation of Ovf3( decay undoubtedly implies the Majorana
nature of neutrinos

Schechter, Valle, Phys.Rev.
d D25 (1982) 774

various AL = 2
LNV interactions

18



Neutrinoless double beta decay

OvpB3 decay in nuclei

An observation of Ovf3( decay undoubtedly implies the Majorana
nature of neutrinos

Schechter, Valle, Phys.Rev.
D25 (1982) 774

d

various AL = 2 v=vr
LNV interactions

OvB33 decay
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Neutrinoless double beta decay

Experimental searches

KamLAND-Zen: 136Xe — 136Bg3 4+ ¢+ e~ GERDA: 6Ge — 6Se + e+ e~

T(1)72(Xe) > 1.07 x 10° year T(1)72(Ge) > 1.8 x 10% year

20



Neutrinoless double beta decay

e Experimental searches

KamLAND-Zen: 136Xe — 136Ba + ¢~ + e~ GERDA: 16Ge — 6Se + e+ e~

\
'\\ Outer Balloon
_\, (diam. 13m)

4 Inner Balloon
4 (diam. 3.8m)

T?72(Xe) > 1.07 x 10° year T(1)72(Ge) > 1.8 x 10% year

e Theoretical interpretation

) (Gp,:  phase space factor (atomic physics)
( 172) -1 GOVMOV2<mBB> My,: nuclear matrix element (nuclear physics)
(mgp): effective Majorana mass (particle physics)
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Neutrinoless double beta decay

Experimental searches

KamLAND-Zen: 136Xe — 136Ba + ¢~ + e~ GERDA: 16Ge — 6Se + e+ e~

N\
'\\ Outer Balloon
_\, (diam. 13m)

Inner Balloon
(diam. 3.8m)

T?72(Xe) > 1.07 x 10° year T(1)72(Ge) > 1.8 x 10% year

Theoretical interpretation

) (Gp,:  phase space factor (atomic physics)
( 172) -1 GOVMOV2<mBB> My,: nuclear matrix element (nuclear physics)
(mgp): effective Majorana mass (particle physics)

What is <m33>7
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Mechanisms of Ovf35 decay

e Active neutrinos
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Phys.Rev.Lett. 125 (2023) 130, 051801



Mechanisms of Ovf35 decay

Sterile neutrinos
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Bolton, Deppisch, Bhupal Dev, 1912.03058 (JHEP)

type-l seesaw model see also
W. Dekens, et al, 2002.07182 (JHEP);
J. de Vries, GL, M.J. Ramsey-Musolf, J.C. Vasquez,
2209.03031 (JHEP)
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LHC searches

e Searches for LNV at the LHC

LHC Run 2

= 13 e i LHCB-PUB-2018-009)
e spesmn
_11012
_Ei 101! - NA-62(2017) - Obs. upper limit at 90% CL_ _ _ us o7 o9 7
& 1010 [ _ATLASICMS 13 TeV (300 ) - Exp. upper it 95% CMS imy,| < 10.8 GeV
é E— BTVEw)
: 1?‘ ATLAS : |my,| <16.7 GeV
= 107 NO
= 1072
2 10 10

. . E 10415*‘ 10I*3 10I*2 16“1 1

active neutrinos = Lightest neutrino mass [eV]

B. Fuks et al., 2012.09882 (PRD)
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LHC searches

e Searches for LNV at the LHC

LHC Run 2
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LHC searches
Searches for LNV at the LHC

pp — (5G]

(displaced lepton)
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out-of-time decays
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LHC searches

e Searches for LNV at the LHC

MLLP

heavier (2 10 GeV) —

+ lighter (£ 10MeV)

pp — (5G]

Long-lived particle (LLP)

LHC coverage
(ATLAS, CMS, LHCb)

e
o2
»((b“s\\(,}""*‘ n
S »
iy O, o
4] S&P Grd \\]\P*
/V’qﬁg ' SA//)D
)
SCHEMATIC
+—near ~ m far—
CT

upgrade of the LHC detectors
construction of new detectors

(displaced lepton)

----- neutral displaced EBSM
m— charged HSCP dilepton Mlepton

any charge Wmquark

photon
manything
disappearing displaced
track lepton
L LTI

.

----

- »
.

» .l -‘ Y ’d ~ 4 "
e .'.b
B . 3
" v . . )
displaced - ’-.. displaced
dijet %, photon
1l : ‘s

v not pictured:

displaced out-of-time decays
conversion

displaced A4
vertex

28



LHC searches

e Searches for LNV at the LHC q 3i<z

E
pp — ¢*¢*j;  (displaced lepton) Si<\i@

q
0.100f
0.050F ™.
5 5 ~. = KamLAND-Zen
o, Oa;\ "-?fzo “— ton-scale
001000 N, O, R Ny 3
£ o0.005/c.
Ngo *
e} N
S .
S 0.001-"_‘(. i
5.x 107 —
1.x 107, RIS ~
2 5 10 20 50
me IGeV]

[sterile neutrino mass]
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LHC searches

Searches for LNV at the LHC I

pp — ¢*¢*j;  (displaced lepton)

q
0.100f - . ' 7 0
00B0F . N e me=30 GeV, go=10"2
W . — KamLAND-Zen
‘.\‘ C‘A ‘._‘\ ‘_-‘-
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107 -3 — e+MET search
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[sterile neutrino mass]

GL, M. J. Ramsey-Musolf, S. Su, J. C. Vasquez, 2109.08172 (PRD)
GL, M. J. Ramsey-Musolf, J. C. Vasquez, 2202.01789 (PRD)

J. de Vries et al., 2010.07305 (JHEP)

J. Helo, M. Hirsch, S. Kovalenko, 1312.2900 (PRD)
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Why TeV scale LNV?

TeV scale LNV

31



TeV scale LNV

Why TeV scale LNV?

e comparable contribution to Ov35 decay

dy — & " d
';/L’l”,_VA -

~c/A®

W. Rodejohann, 1106.1334
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TeV scale LNV

Why TeV scale LNV?

e comparable contribution to Ov35 decay

dy B T - u d u
';’/:L',_VA -

p ~ 200 MeV xXmy

Hi .Wb—e, 09 e
d; = V‘A‘J\rr > u d u
5 W. Rodejohann, 1106.1334
~ Gpmgg/p? ~c/A
c/A\° 3.3TeV\’ 0.1 eV c: new coupling
=c|—F— :
G%mgg/p? A mgg A: new particle mass
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TeV scale LNV

Why TeV scale LNV?

e comparable contribution to Ov35 decay

q > VVA‘?’LL - Uy, d u
W, Ly-a f

p~200MeV — Xm

— o o e

Z/L\TJ‘V—A - 9
V—-A
dy - i~ uy d u

5 W. Rodejohann, 1106.1334
~ Gmgs/p® ~c/A
c/A\° 3.3TeV\’ 0.1 eV c: new coupling
=c|—F— :
G%mgg/p? A mgg A: new particle mass

Helo, Hirsch, Kovalenko, Pas, 1303.0899 (PRD), 1307.4849 (PRD)
* reachable at the LHC 0 ¢/ iey-Musolf, Winslow 1508.04444 (PRD)
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TeV scale LNV

Why TeV scale LNV?

e comparable contribution to Ov35 decay

dy B T - u d u
:’?{L',_VA -

p~200MeV — Xxm

Hi .Wb—e, 09 e
d; - V*A‘J\rr > u d u
5 W. Rodejohann, 1106.1334
~ Gpmgg/p? ~c/A
c/A\° 3.3TeV\’ 0.1 eV c: new coupling
=c|—F— ) —— :
G%mgg/p? A mgg A: new particle mass

Helo, Hirsch, Kovalenko, Pas, 1303.0899 (PRD), 1307.4849 (PRD)
* reachable at the LHC 0 ¢/ iey-Musolf, Winslow 1508.04444 (PRD)

e 3 viable Ieptogenesis J. Harz, M J. Ramsey-Musolf, T. Shen, S. Urrutia-Quiroga, 2106.10838
F.F. Deppisch, L. Graf, J. Harz, W.-C. Huang, 1711.10432 (PRD)
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TeV scale LNV

Why TeV scale LNV?

of Forces

Unification
New Physics
Beyond the Standard Model

=y
e
3
k> <°
Ov(B5 decay ¥ Frontier The Go%leptognesis
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Effective field theory approach

A systematic description of AL = 2 LNV sources

37



Effective field theory approach

A systematic description of AL = 2 LNV sources

=
2| standard non-standard
c . .
il mechanism mechanisms
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e
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V. Cirigliano et al., 2203.12169, Snowmass 2021

38



Effective field theory approach

Inverse half-life for 035 decay in the EFT approach

i
(TP}E) = gfﬁ{Gm (42 + |AR[?) — 2(Go1 — Goa)ReALAR + 4Gos | Ag|?

+2Gos [[Am, [* +Re (A7, (Ay + Ag))]
—2Go3Re [(A, + AR) AL + 2Am, A%]

+Gog [ An|* + Gos Re [(A, — AR)Al/] } :

G. Prézeau, M. Ramsey-Musolf, P. Vogel, Phys. Rev. D 68, 034016 (2003)
V. Cirigliano et al, 1708.09390 (JHEP), 1806.027380 (JHEP)
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Effective field theory approach

Inverse half-life for 035 decay in the EFT approach

i
(TP}E) = gfﬁ{Gm (42 + |AR[?) — 2(Go1 — Goa)ReALAR + 4Gos | Ag|?

+2Gos [[Am, [* +Re (A7, (Ay + Ag))]
—2Gos Re[(Ay + AR) AL + 2Am. A%]

+Gog [ An|* + Gos Re [(A, — AR)Al/] } :

G. Prézeau, M. Ramsey-Musolf, P. Vogel, Phys. Rev. D 68, 034016 (2003)
V. Cirigliano et al, 1708.09390 (JHEP), 1806.027380 (JHEP)

Effective Majorana mass

(mgg) ~ > LEC x Wilson Coeff

* non-perturbative QCD

* low-energy constant (LEC) as the weight

40



Effective field theory approach

LECs are ordered in chiral power counting

p 200 MeV
A, 1GeV
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Effective field theory approach

LECs are ordered in chiral power counting

p 200 MeV
A, 1GeV
d u n p 4 . P n P
e e i e 7'('; -
!
# e E e < e
o € : m
d u n p " £ i :
ul'1d ul'ad el'ze” (pn)(pn)erer (S - O7~n) énesy T r éref, R— L

(pn)(pn)vtey,yse® p(S-0n n) v'ey,yse® 9,m O ereh

Prezeau, Ramsey-Musolf, Vogel, PRD 68 (2003) 034016
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Effective field theory approach

LECs are ordered in chiral power counting

p 200 MeV
A, 1GeV
d u n p 1 . P n p
e e i e 7'('; -
|
= e /. <,
o € : m
d u n p " £ i :
p° p’ p 2 p°
ul'1d ul'ad el'ze” (pn)(pn)erer (S - O7~n) énesy T r éref, R— L

(pn)(pn)vtey,yse® p(S-0n n) v'ey,yse® 9,m O ereh

Prezeau, Ramsey-Musolf, Vogel, PRD 68 (2003) 034016
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Effective field theory approach

Dim-9 LEFT operators: al'id ul'2d el'ze”

e lepton bilinear

— C — C — C — C
el'se” = ere}, ,erer , ey, 75¢€

* quark biliners M. L. Graesser, 1606.04549 (JHEP)
O1 = qiwr™af Gy rrap, O = @i ah gy g - D
COy =@t yrtel, Ob=artahairrap, —
03 = g rq] Gl O3 = aimrap @i, l/gi'i'<
Os = @Y7 4t c?ﬁfﬂ“ T+Q§ : » 1/p2 5
. Os = By dd Prrtes, ,': n :p
2
Og = (@7 v"qr) (qu7rar) . OF = (Gar*""qr) (Garra) , o
Of = (qrt*v™y"qr) (qet*v"qr) OF' = (qrt*r*v"qr) (7rt"7 qr)
Of = (qu7™v"qr) (Grm"ar) O = (qr7""qr) (@77 qr)
O = (qrt*t"vq1) (qrt*vraL) , Of" = (qrt*tty*qr) (qLt*vqr) .
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Effective field theory approach

Dim-9 LEFT operators: al'id ul'2d el'ze”

e lepton bilinear

— C — C — C — C
el'se” = ere}, ,erer , ey, 75¢€

¢ quark biliners M. L. Graesser, 1606.04549 (JHEP)

O1 = qiwr™af Gy rrap, O = @i ah gy g - D
COy =@t yrtel, Ob=artahairrap, —
03 = g rq] Gl O3 = aimrap @i, l/gi‘i'<
Os = @Y7 4t Qﬁv“TWL% : » 1/p2 5
L 05 = Gyl aet TR, ) - ’p

2
Og = (@7 v"qr) (qu7rar) . Og" = (arm™v"qr) (Gr7"q1) , ~p
07 = (qut"r"v"qr) (qut"v"qr) OF' = (qrt*r*v"qr) (7rt"7 qr)
Of = (qu7™v"qr) (Grm"ar) O%' = (arm™v"qr) (qL7rar) .
Of = (Gut*t™"q) (qrt"t L) 04" = (qrt* Ty qr) (qLt*77qr) |
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UV completion

TeV scale LNV correlated with observed neutrino masses

Os = Sy, amtras  €res,eres
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UV completion

TeV scale LNV correlated with observed neutrino masses

Os = Sy, amtras  €res,eres

Both left- and right-handed charged currents, thus the most
manifest UV realization is the left-right symmetric model

Mohapatra and Senjanovic, Phys.Rev.Lett.
44 (1980) 912, Phys.Rev.D 23 (1981) 165

<> < D> N s _

i i 7 Wi cos¢ —sinCe ™\ (W}

Y = ,

T 1’ A Wg sin (e’ cos ( W,

: N 5 N : v v : %

Y, ” Yy Ya

M2
tan ¢ = —" sin(23)

type-l seesaw type-ll seesaw M

Wgr
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UV completion

TeV scale LNV correlated with observed neutrino masses
O, — G + a=B_ u_+ 08 5 ,C 5 _,C
4 =4qrYuT 4997 T d4p €L€r,ERER

Both left- and right-handed charged currents, thus the most
manifest UV realization is the left-right symmetric model

u
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UV completion

TeV scale LNV correlated with observed neutrino masses
8

- + a8 + 5 0C 7pe’
Oy = q7vuT aL T Y7 ap €rer, ERep

Both left- and right-handed charged currents, thus the most
manifest UV realization is the left-right symmetric model

u

o g ' ()= (R.R)  Grvudriryudrerel ~ Oleres
-, ep \
"y Aovps ~ 1 ( T ) :
R mn MWR

' p
€R
W; . _ _ _ m _ .
. ) . (i,J) =(1,2)  urv,diupy,dréreyr ~ Oseren

1 My \*
Aovpp ~ p— sin 23 <vaf ) Aip—2
R

Prezeau, Ramsey-Musolf, Vogel, PRD 68 (2003) 034016
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UV completion

TeV scale LNV correlated with observed neutrino masses

Os = q§vum " afapy"m " dp
my in (GeV)
1 10 100 400

500

LAND-Zen 90% C

o

> 0.10
9
£
B
g
0.01+
‘Future ton-scale
Mpay = 900 GeV experiments
Ve =V,*
1074 0.001 0.010 0.100 1

My, N (eV)

GL, M. J. Ramsey-Musolf, J. C.
Vasquez, 2009.01257 (PRL)
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UV completion

TeV scale LNV uncorrelated with observed neutrino masses

Os = Sy, amtras  €res,eres

51



UV completion

e TeV scale LNV uncorrelated with observed neutrino masses
_ = + a=B_ u_+ 08 5 ,C 5 _,C
O4 = q7Vum q Y ' 77 qR €rer,ERrep

e Contributions to Majorana masses of neutrinos are non-zero but negligible
* Possible if neutrino have different mass origins
e Other kinds of UV scenarios that are reachable in the Ov35 decay

experiments and at the LHC
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UV completion

TeV scale LNV uncorrelated with observed neutrino masses
_ = + a=B_ u_+ 08 5 ,C 5 _,C
O4 = q7Vum q Y ' 77 qR €rer,ERrep

e Contributions to Majorana masses of neutrinos are non-zero but negligible
* Possible if neutrino have different mass origins
e Other kinds of UV scenarios that are reachable in the Ov35 decay

experiments and at the LHC

Two-step UV completions Li, Ni, Xiao, Yu, 2204.03660 (JHEP)

dim-9 LEFT dim-7, 9 SMEFT UV models

Lehman 2014; Liao & Ma 2016,
2020; Li et al, 2020



UV completion

° Step 1 0. Scholer, J. de Vries, L. Graf, 2304.05415 (JHEP)

Dim-7 SMEFT operator: Dim-9 SMEFT operators:
O = € (dpy"er) (Wher) H;DuH;
o) =€ (dgytug) (L$iD,L;) O = é* (drL;) (Lsy*ur) HY D, H;
O = € (dpytug) (LED,L;) HyHT®
05 = e (@RQ))(LdR)(LiQ7") -
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UV completion

¢ Step 1 0. Scholer, J. de Vries, L. Graf, 2304.05415 (JHEP)
Dim-7 SMEFT operator: Dim-9 SMEFT operators:
(9(9) = ¥ (c:fR'y“eR) (uger) H; D, H;
. o _ o _ _
Oc(fu)LLD = ¢+ (dR’Y’uUR) (LE’LD”L]‘) 0(9) ¢t (dRLj) (Lf’y‘uuR) HTJD#H;{; ;
O = € (dpy ug) (LED,L;) Hy HE
0F = e*(aQf) (L) (LiQR°) -
e Step 2
GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079
UV models:
operator leptoquark(s) vector-like fermions singlet scalar
o® €(3,2,1/6) | Uy € (3,1,2/3) Ui r € (1,2,~1/2) /
of |8 €(3,1,-2/3)|Va € (3,2-1/6) Efpe€(1,1,-1) /
tree level - 5
03 (3 2:1/6) / \I’L,RE (1:2*1/2) D€ (1: 1:0)
o €(3,2,1/6) | S € (3,1,1/3) Urre(l,2-1/2) .
one-loop level Oc(IZ}LLD V. € (3,2—1/6) / Uy g€ (1,2,-1/2), dy g € (3,1,—1/3)| S € (1,1,0)

v?/A? ~ 1/167° 55



UV completion

* Indirect searches in Ov(33 decay experiments

LD Aed (JRvﬂeR) Uiu I AU@R%(’[_L?Q\PR
+ )\DHU{LTRQG (ZD'UJH) -+ f\ye\I’LﬂeR + h.c.

7€
Up Vet

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079
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UV completion

* Indirect searches in Ov(33 decay experiments

LD Aed (CIR’)/MQR) Uiu I AU@RSTL%\PR
+ )\DHU{LTRQG (ZD'UJH) -+ f\;,e\ilLHeR + h.c.

1A,

U

dg

0.0

1000 2000 3000 4000 5000
M, [GeV]
[ DY ATLAS (allowed)
DY CMS (allowed)

SRP 36fb~! - - DY-D° mixing (8=0)

----- SRP 3ab-! ——— QWEAK & APV
K*-ntee/Kt—ntpu (8=0,) C§1=-0.0005

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079 Krontw (B=6,)  m——e- /=0.0005

K?-K° mixing (8=6,)
PP (excluded) A. Crivellin, L. Schnell,
2104.06417 (PRD)
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UV completion

Indirect searches in Ovf3(5 decay experiments

°
7 T 31|
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~ e e NG
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] tonne-scale
2 | - N
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GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079

M [GeV]

[ DY ATLAS (allowed)

DY CMS (allowed)
- DY-D° mixing (8=0)

SRP 36fb~!
----- SRP 3ab~! —— QWEAK & APV
K*-ntee/Kt—ntpu (8=0,) C§1=-0.0005
----- ($1=0.0005

Kr—atyw (B=60,)

K?-K° mixing (8=6,)

A. Crivellin, L. Schnell,
2104.06417 (PRD)
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UV completion

* Indirect searches in Ov(33 decay experiments

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079

10g
7 o Ik — 31| 0.8
LD Aea (dR'YueR) Ur + >‘U‘I’R2uf’%\PR 10 0.6
: 2 —
~ — 0 5
+)\DHU{LTR2€ (ZD'UJH) + feeVrHer + h.c. 102 o® =04
§ Bl < NS N B o 2
[l 6 oL ) ‘ ‘ )
2a10% 9\4?”0 ] * 000 2000 3000 4000 5000
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KamLAND-Zen
1 0257 Vll‘ (Klf=0)
U, mpg=my=my=N\ 10p
_ 08
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e A[TeV] 04
02
1000 2000 3000 4000 5000
; Mi [GeV]
Leptoquarks are good candidates for 5 DY ATLAS (alowed)
the UV completions DY CMS (allowed)
SRP 36fb! - DY-D° mixing (8=0)
----- SRP 3ab~! —— QWEAK & APV
K*-ntee/Kt—ntpu (8=0,) C§1=-0.0005
Kfontvw (B=6.) -=--- C$4=0.0005

K?-K° mixing (8=6,)
PP (excluded) A. Crivellin, L. Schnell,
2104.06417 (PRD)
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UV completion

Direct searches at the LHC
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GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079
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UV completion

Direct searches at the LHC
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ApH

UV completion

Direct searches at the LHC
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the UV completions

ApH

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079 62



Summary

New physics related to neutrinos

v,

massive neutrinos

T

mass origin

sterile neutrinos

Dirac/Majorana +

new particles

new interactions

right-handed W LNV interactions

leptoquarks

unravel the
neutrino's
mysteries at the
LHC
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Summary

This talk reviews some aspects of neutrino physics

New physics related to neutrinos -- sterile neutrino, LNV -- is studied
at the LHC

Complementary searches for LNV in the ongoing Ov(33 decay
experiments and at the upgrated LHC (LLP, HL-LHC, HE-LHC)

The EFT framework is used to study OvS3 decay, while promising UV
completions are classified -- left-right symmetric model, leptoquark
models

Thanks for your attention!

64



