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Neutrino Oscillations Harbinger of New Physics

Neutrino flavor oscillations have been firmly established from:

ASolar neutrinos (HomestakeSAGE, GALLEX, Kamiokande Super Flavor . Mass
Kamiokande SNO,Borexing é ) T PMNS matrix eigenstate
A Atmospheric neutrinos (SuperKamiokandelceCube é ) -
AReactor neutrinos(KamLand DayaBay RENO,DoubleChooz ) <l [1] UB .00 COSOH” (1] Smﬂl(;‘e Co?ﬂég Cosg“ g &
AAccelerator neutrinos( T2 K, MI NOS, NOVAé) I o S e g
vy 0 -sinfhy cosfy [|[\ —sinfyze” 0  cosfly 0 0 14\ 1

Atmospheric term Reactor term Solar term

o Oscillation parameters:
o Mixing angles: 6;y, 13,0
o Mass squared differences: Am3,, Am, and the sign of Am,
o Complex phase: &= dcp
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Neutrino massgeneration

o Lowest higher dim. operator O/ : £y.5 = - LLHH

X ATechnicalynaturabint 6 H seosé t Wenberg, PRLA (79) 1568

Smallvaluesareprotectedy symmetry. At a
cutoff scales : H'\\ /’H |
finaturab- me ~g2/(16 2) mIn(s Zmy?) e.—"-".‘:c- EWse,
Aunnaturab- m2~-y#(8 9 s? L 1/Axp L

Two waysto generatesmall values o Realization of Weinberg op. =

naturally: » See-saw: there are many seesaw realizations -
) ) ) % Type-l  Minkowski (77), Ramond Slansky (79), Yanagida (79), Glashow (79),
X Suppressiohy integratingoutheavystates Mohapata, Seanovc (30)
thehigherdimensiori/s ", thelowers canbe. % Type-ll  SchechterValle (0), Laarides, Shafi, Wetterich (81), Mohapatra, Senjanovc (81)

* Type-lll  Foot, Lew, He, Joshi (89), Ma (38)
* Linear, Inverse, etc ...

X Suppressiohy loop radiativegeneration:

thehigherloops1/(16 2)n, thelowercut off scale * Loop-induced:
canbe * 1-loop  Zee (80), Ma (99)
. * 2-loop  Babu ()
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Testing Seesaw: prompt signhature at the LHC

Testing typel Seesaw Testing Invers&Seesaw

[del Aguila, Aguilar-Saavedra (PLB '09; NPB '09); Chen, BD (PRD '12); Das, Okada (PRD '13); Das, BD, Okada (PLB '14);
Izaguirre, Shuve (PRD "15); Dib, Kim (PRD “15); Dib, Kim, Wang (PRD 17; CPG *17); Dube, Gadkari, Thalapillil (PRD '17)]

[Keung, Senjanovi¢ (PRL '83); Datta, Guchait, Pilaftsis (PRD '94); Panella, Cannoni, Carimalo, Srivastava (PRD "02);
Han, Zhang (PRL '06); del Aguila, Aguilar-Saavedra, Pittau (JHEP "07); Atre, Han, Pascoli, Zhang (JHEP "09)]

| Same-sign dilepton plus jets (without £) | [Trilepton plus £7 |

E’ CMS Prefiminary
= 95% CL upper limit
=
oo A 359" (13 TeV)
z 95% CL upper limits E cMS 95% CL upper limits
20 3 o +veere Expected
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—— Otsarved Vo[ 10 1 107 =5 o
—_— 1079 . ok & e
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10e | — CMS 8 TeV N 1078 — ATLA
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1 10 10? 1 10 10°
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[CMS Collaboration, Phys. Rev. Lett. 120, 221801 (2018))

Testing typell Seesaw Testingtype-Ill Seesaw

CMS Pratimi 12.0 15 (13 TeV) @ Multi-lepton signatures. Franceschini, Hambye, Strumia (PRD '08); Li, He (PRD '08); Arhrib, Baje, Ghosh, Han,
MR Mt b MAa MAbad MaARY ALl Laaa
100% D™ —= ava e Huang, Puljak, Senjanovié (PRD '10); Ruiz (JHEP '15)
—l
100% @™ —= e eS ]
e
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—a
100% @ - oo S
100% @ — peee Ly = e
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i 1 w1 /= 0.7l CMS Seesaw Type |1l | -
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i or g
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Rizzo {1982); Huitu, Maalampi, Pietila, Raidal (1897), Gunion, Loomis, Pitts (1896); Akeryod, Aoki (2005}, Han, Mukhopadhyaya, o. e : - L L . :
ng (2005), M. Sahu, Uma Sankar (2005); Sarma, Devi, Singh (2007);Chao, Luo, Xing, Zhao {2007); Perez, Han, Huang, 200 EC A =0 600 o Crp By Wb i L) fed deey
ng (2008); McDonald, Sahu, Sarkar (2008); Chiang, Nomura, Tsumura (2012); Dev, D. Ghosh, Okada, Saha (2013); my; (GeV) I Mass (GeV)

Nlayak. Parida (2015);Cai, Han, Ruiz{2017),Babu, SJ (2017)......




Neutrino masses from light physics

In an effective theory, the Lagrangian should be described as

1 1 1
R e%)S 4+ Od=5 + Od:G + Odz’? R
M Anp A%JP A3NP
l[l'lfl L &ﬂ,’;’ oy |
ot {y}]

Neutrino masses from a n-loop-induced dim-d operator




Neutrino masses from light physics

, Minimum scalar content
Gauge U(1)p:SM has no charge, RH neutrinos N have charge +|
' o . ' 0 yor 0 ) = doublet with dark charge +1
Anomaly cancellation: N’ with opposite charge should be included My={ vy 0 M 52= singlet with dark charge +2
0 M s
anomaly cancellation is

a requirement to have

| Walks and quacks like inverse seasaw
a consistent QFT

Add s; with charge +| and something special happens:

@1 and 52 start with 1 devel ke the Hi
00m 0\V 0 . | and sy start with no vevs, s| develops a vev like the Higgs
MV = m 0 ﬂ’[ N + = il = HE )S(I SI}( )S(I HX
: / * * + ¥
/| N - AN K N S
A e “Wo' @ ands; veys are induced, like in

type Il seesaw, and thus can be

m and | are forbidden by dark symmetry, they need to be &, naturally very smalll

generated dynamically

Bertuzzo SJ, Machado, Z . I
- ]




Explanation of Mi ni B o o Ndw@rsergy excess

U There is a dark sector with a novel interactio

U Righthanded neutrinos are part of the dark
sector and are subject to new interaction

U Mixing between RH and LH neutrinos leads
interaction in active neutrino sector

E T r r Tt T N ’
I MiniBooNE: mz, = 30 MeV

i Mixing between Zand photon leads to Ml — A e
interaction with protons il " S
1077 ¢ ‘;'nnstraint;
U Relevant part of theagrangian - iz
5 ,
mQZ g 10-° |
Lp O TD IuZly+ 9pZfy Joyu + ec 2 S + ge’ Z J2 107

10—1()

L PN | H L " n " L L L ]
107! 10°
mpy, (GeV)

Bertuzzo, SJ, Mac hado, Z. Funch:




Connection with MiniBooONE anomaly

MiniBooNE Collaboration

- ! ! ' "«  Data (stat en-.)'
+ 1 vefromp*"
B 1 v, fromK™"
L 1 v, fromK°
- = 1 misid
u + C_Ja-Ny
. [ dirt
[ other
Constr. Syst. Error
------- Eest Fit

Events/MeV
(4]
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3.0 p n
ES® (GeV) CCQE
x Observation of a Significant Excess of Electron -Like Events in the MiniBooNE

Short Baseline Neutrino Experiment
x Double neutrino -mode data in 2016 -2017 (6.46 x102° + 6.38 x1020 PQOT)

x Event excess: 381.2 +85.2 ( 4. 5R)



https://arxiv.org/pdf/1805.12028.pdf

Constraints

Model Independentonstrainton Heavy Sterile Neutrino 8

" . - B
= = 1072
10-1 s
102 s s _ FL N
10-3 LS Erar 107*
10—
10-5
10-°
10-7 =
-5 — .
109 108 = i n L nnnnnn *_n nonnonal
- i
10 10 107 1 10 L
10-10 my [GeV]
103 10°2 101 109 10! 10 10°
my [GeV] ds Gouvea Kobach 1511 00683

>
LT

2
=) 1078 A’ model

lten et al 1801.04847

U Zyphenomenology is similar to dark photoase
U LHC constraints are not expected to be stringent below 1 Ge

99.73% CL sine2[ = 4|U., U, ,|?
> dof I pe | e4 ~u4 |
10! 2 == 3
. [ 4.7T tensionbetweerAppearance
= _ o andDisappearancdata setander
B0l Appearance | eV sterile interpretation
= ; {(  w/o DiF)
Cosmological bounds further thre:
(e perrries the eV sterile: hypothesis
Free Fluxes
Mona Dentler et al. (2018) 10—k Fixed Fluxes . ) d
Collin et al. (2016) 104 1073 102 107!

Gariazzo et al (2017) sin® 2@
e

Bertuzzo, SJ, Mac hado, Z. F L




Beyond standard physics in neutrino experiments

v magnetic moment

Explains MiniBooNE

Heavy neutrinos
J
N
2" 4

Explains m,

Dark neutrinos

Target

Explains MiniBooNE

Explains my

Neutrino decay
Decoherence
MNon-unitarity

Mon-standard interactions
Ultra-light scalars
Dark matter
Extra dimensions
New forces/mediators
Millicharged particles
Neutrino self interactions

New gauge bosons
(e.g. Ly-Ls)

Ve P

=l

)

H

Explains (g-2),

Dark tridents
X X

Explains DM
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Neutrino Standard Interaction

W+

Charged current and Neutral current

@ Coherent forward scattering of v, off electron in matter
generates a matter potential:

V =2 GeN. ~ 8.2 x 107! eV in solar core (Wolfenstein)
o Modifies refractive index of v, (MikheyevSmirnov)

o Neutral current interaction is universal




Neutrino NSI

....................

(WP B
L = Lapg + — 0L 4 600
A A g
NSI affecting NSI affecting NSI affecting
production detection propagation

u,d,e u,d,e

Vl” Vg

Lnc=—-2vV2Gp Y el (5ar"Prvg)(fvuPf)
f’P!a1ﬁ

Loc=—-2V2Gp Y elf (7ay"Prls)(f,Pf)
f.Pa,B




Typel Radiative Mechanism

o Obtained from effectived =7, 9, 11... operators with AL = 2 selection
rule

o If the loop diagram has at least one Standard Model particle, this can be
cut to generate such effective operators

; - - - . X;l,l"ﬁ
L l . h._ -
"’ ﬁ" - ~
/ Y k== \1 .r, A \
1 | ! ey .
1 L ! er ! - d;. L] €j
E : CrR eR : ) I-*"'LE v d
1 |
X X
(H) (H}) W=
Oy = L:LiLieLiee’ " O = Lié“ied® Hye
Zee, Babu Babu, Julio (2010)
Classification: Babu Leung @001),
de Gouvea Jenking2008)
{ S S | 6 dzO A L,J | f cl Dev, Babu, SJ, Thapa(2019)




Typell Radiative Mechanism

o No Standard Model particles inside loop
@ Cannot be cut to generate d = 7, 9, ... operators
@ Scotogenic model is an example

(H) (H®)
Y . , F 4
4 »
\y ’

0 -~ 0
ma” ~all

~ A
Fi A\

Vn 7 Np V3

@ Neutrino mass has no chiral suppression; new scale can be large

o Other considerations (dark matter) require TeV scale new
physics Ma (2006)
@ [hese models predict negligible NSI




NSI in Zee model

@ Yukawa coupling matrices:

O .fﬂ’.lL ﬁ"»‘ YF.’L’ Yr_qu, YF:"I
f - _f ;*;1 0 .,ﬁ!.rr ; Y = Y;w Y;.L;.L YILLT
_f et _f :u'r 0 Yo Y: p Y.
@ Neutrino mass
ACHD)
1 . T T
et M, = i (YT + Yo
T } \ 2 1 2
, . K = 5 sin 2y log h
, \ 167 H N
.u-h E;( * f‘-’ n Vj

o If Y ~ M, which happens with a Z», then model is ruled out

Wolfenstein (1980)
@ In general, Y is not proportional to M, and the model gives reasonable fit
to oscillation data
@ NSI arises via the exchange of h* and H*




NSI in Zee model

o Electroweak T parameter sets limits on mixing sin ¢

@ /L — e+ 7 type processes limit products of couplings
@ /1 — 3e type processes lead to further constraints

o 7 lifetime and universality constraints

BR+
g

o Lepton universality in W* decays
@ Theoretical constraint from avoiding charge breaking minima

o LEP direct search limits on charged scalars

@ Constraints from LHC searches e my+ (G::/)

@ Higgs precision physics limits

VgL \/p’f_ Mi{' fMﬁ’L
1
A H

[ |
AT?_'_ AHI
1

l?]l !
/\ Aﬂ *’/ﬂﬂ/\\u Wﬁ’

@ [ he singly-charged scalars ™ and HT™ induce NSI at tree level:

SN 5 BN (. o B 1 . sin? @ coszp)
oF = “af = 4N2GE TP\ miL Al

@ For a benchmark value of 100 GeV masses, we have:

max mMax max

Babu, Dev, SJThapa(2019) st = 35%, Lt = B6%, =L




Summary of NSI in radiative models

— B Zee madel
- |

= = MRIS model

BN [.() model (singlet)

BN L} model{doublet)
mm L) model (triplet)

Em Jee-Babu model

0.00001  0.0001 _ 0.001 0.01 0.1 1 10 100
|Eapl (%)

Babu, DevSJ, Thapa(2019)



ZeeBurst: A new test of NSI aliceCube

10%

IceCube

[ Zee Model(Y=10) + 5M + Atm BG
[ Zee Model(Y=0.5) + SM + Atm BG
B Zee Model(V=0.25) + 5M + Alm BG
B 5M + Atm BG

[0 Atm DG

Mgt 2 My+ = 100 GeV

10'E
g Zee Burst

® IC7.5year data

Events per 2635 days

Deposited Energy (GeV) /
Glashow Peak

@ Ultra High Energy neutrinos at lceCube can probe NSI in the
Zee model

@ U, + e — W™ — anything has a resonant enhancement at

2
E, = ;”;;"' = 6.3PeV  Glashow resonance

@ Since h= and H™ in Zee model are allowed to be as light as 100
GeV, 7, + e= — h~— — anything is resonantly enhanced

E, = zini ~ 0.3 PeV “Zee burst”

o We have analyzed this possibility of “Zee burst” my+ (GeV)

Babu, Dev, SJ




Events/2.5 GeV
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Neutrino NSI at the LHC

Lnst =

—2v/2 Gpeig

va’YpVﬂ) (?’Yppf)'

1

(A

L LR L LR BN L |

I

— ZZ* — 4l
TeV, 36.1 fb™'

TLAS Preliminary

—T T
L D;ta -
mm Higgs (m,, = 125.09 GeV) |
. ZZ 4

T4V, VVV

. Zsjets,
2 Uncertainty

140 160
m4C|onstrained [GeV]

VS.

For collider studies on NSISee
Friedland GraesserShoemakerVecchi(2011),
Choudhury Ghosh,Niyogi (2018),
Babu GoncalvesSJ, Machado(2020 , €

Log(N)

NSI searches




From EFTs to Simplified Models

100§ L IIIIII 1 1Yy \ 1 l‘l,ll‘lllll |3z |,|,|||‘|| =
L G _ _ _% Lxst = —2V2Grel) (Dawvﬂ ) (fv*Prf) '
10—15—_ — Cor _ _
;= eﬂﬂ’eTT B 66# B _
i s
=21
10 : LSm (g,‘,"ﬁ ay* Pryp + ggicii'y"quz-) Z,’,'
| = LHC13 monojet |
10-3L === LHCI3 dijet | 5l
- HL-LHC mOHOJet .
Ll ol ; covnl il

-] = = 0 1
0% 102 107 10 10 o _ (9)as0ls
S Sald =" 2\/§G’FM§,|

Baby GongalvesSJ Machado (2020)
Coloma, Estebatsonzalezsarcia Maltoni (2019)




Validity of this EFT at the LHC

_

100§ LI IIIIIII | IIII I 1 | I.IIII,II §
:_ -— €€€ o e,

10_15—_ L el < V3w 'z
:= EMUETT —_ 6"4‘ — - \/—GFM%/ MZ’
_______________ Tz > Mz/( 2411' g,,+3N gu
[ e LHC13 monojet

T Rk LHCI3 dijet
F 0 HL-LHC monojet
I | IIIlIIIi | IIlIIIIi ’ | IIIIIIII L 111l II

107 10~ 1071 10° 10!
My (TeV

Baby GoncgalvesSJ Machado (2020)




Complementarity between LHC and
neutrino experiments

0.12 T T T \1
m— 100 Ge

0.10 =200 GeV =
— 500 GeV

(.08 [ 2 TeV =

006
0.04

0.02

I
0°(100.05 000 005 010 015 020 025 0.30

666

Baby GoncalvesSJ Machado (2020)
Coloma et al. (2016 Liao et al. (2016)




Complementarity between LHC and
neutrino experiments

| T T
s 1) GV

10~ 3
[ )()() GV — =
i D Y
[ DUNE ]
B (1601.00927)
g— 500 GeV

: i

—_— 2 TeV

0 50 100 150 200 250 300 350
0

Babu,GoncalvesSJ Machado (2020)
Coloma et al. (2006 JLiao et al. (2016)




Towards a UV complete scenario

100§ LI IIII

107! E low energy obs.
- 1705.01822

T 1072k

107k

—4 1 IllllIII 1 llllllll 1 Il\llllll
1010-3 1072 107!

K.S. BahwD.GoncalvesSJ P.A.N. Machado (2020)




Towards a UV complete scenario

100§ LI II|]

107 E low energy obs.
F - 1705.01822

1072

10

—4 | Illlllll 1 Illlllll 1 Il‘llllll
1010-3 1072 107!

Baby GoncalvesSJ) Machado (2020)
Babu,Friedland Machado,Mocioiu(2017)
Elahj Martin (2019)




Towards a UV complete scenario

tanB = vu/v4 =10 tanp =v/vy = 25
10° e e ot : ______ PanpEvili=E5

Y11

> 10-3 ——B-KX | S¢ An=-3 ——BoKX
10 B g 2 10 B :
- - - rtop - . . I“mp
104 = ==h - inv | 104 —==-h-inv
APV ] APV
e D> 1€ = == Mgller i b e Do 7€ == == Mgller
10-5 B 5o\ YSXy 10-5 B po 0 \\\\\ Y Xy
I v scat. [l BES E I v scat. [l BES
I v osc. mmmm Z—bbX ] B v osc. mmmm Z-bbX
K X 3 _ K- 7tX
10_6 el -.”,r.,....l ¢ gl w peogened)  p e amee o acs] 10 6 sl ST Y EEOTY DR
103 102 10' 10° 10° 102 102 102 101" 10° 10' 102

Mx (GeV) My (GeV)

Babu,GoncalvesSJ) Machado (2020)
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Muon magnetic moment Neutrino magnetic moment

A Here, thousandsf muonszip aroundan giant
~ 50ft circular magnet atlose to the speeaf light.

A After making a few hundred laps in less than a millisecond, the
muons decay and are soon replaced by another bunch.

A To understand the properties of muon: Specificadknow
about t Hmagmeticonaneiddd

How much do they rotate on their axes in a powerful
magnetic field as they race around the magnet?

PC: XENON collaboration




Neutrino magnetic moments: experimental status

U The quest for measuring a possible magnetic moment of the neLlrino
was begureven before the discovery of the neutri@owan,Reines
and Harrisonset an upper limit on in the process of measuring
background for a free neutrino search experiment with reactor
antineutrinos

U Reineswvas awarded th&995 Nobel Prizéen Physics for his co
detection of the neutrino with Clyde Cowan in the neutrino
experiment.

& -
Frederick Reines

PHYSICAL REVIEW VOLUME 96, NUMBER 5 DECEMBER. 1, 1954

Upper Limit on the Neutrino Magnetic Moment*

C. L. Coway, Jz,, F. Ranves, avo F. B, Hagetsow
Uniaersily o California, Los Alamos Scientifi Laboraory, Los Alomas, New Merito
(Received August 18, 1954) ‘

Alquidsintltiondetector and neutrino fom  fsion eactor were employed to et a new wupper imit

for the neutring magnetic moment,




Neutrino magnetic moments: experimental status

U The quest for measuring a possible magnetic moment of the neLlrino
was begureven before the discovery of the neutri@owan,Reines

and Harrisonset an upper limit on in the process of measuring YIS
background for a free neutrino search experiment with reactor AKRASNOYARSK (1992): Hy<2.71 101
antineutrinos AROVNO (1993): < 1.9T 1020,
AMUNU (2005): U< 1.21 1010,
U Reineswas awarded th@995 Nobel Prizén Physics for his co ATEXONO (2010): U, < 2.01 1020y,
detection of the neutrino with Clyde Cowan in the neutrino AGEMMA (2012): H,<2.9T 10 pg
experiment. ACONUS (2022): H,< 7.0 102y,

4[ Accelerator based experiment }
ALAPMF (1993): My < 7.41 1010,
ALSND (2002): U, < 6.4 1010,

|
)

A <
Frederick Reines 4[ Solar neutrino experiment

ABorexino (2017): 1,<2.81 101y
3 B
- ; ~{1.4, 2.9} 104

PEVSICAL REVIEW VOLUME 96, NUMBER § DECEMBER 1, 1954 YENONA (EUEY Fo=tan 2hl AR

Upper Limit on the Neutrino Magnetic Moment* (" Excessbetween1-7keV )

. C. L. Coway, Jz,, F. Ranves, avo F. B, Hagetsow 285 events observed

Unitersiby of California, Los Alomos Scientifi Loborclory, Los Alomas, New Mesico vs.
(Received August 18, 1954) ‘ 232(+/- 15) events expected (from best-fit)
oy ‘ , \ Would be a 3.5¢ fluctuation
Aliquid scintlltion detector and neutrinos from a fision reactor were employed toseta new upper imit Qwaive estimate - we use likelihood ratio tests for main analysiy

for the neutrino magnetic moment,
XENON Collaboration, EAprile et al.(2020)




Neutrino Magnetic Moments: from
astropk mology

-

Evolution of stars can provide indirect constraints on the
magnetic moments. -

Photons in the plasmaf stellar environmentsan decayeither
into 3’ [for the case of Dirac neutrinos or ingg3,, for the case
of Majorananeutrinos.

star, in conflict with standard stellar evolution models whic
appear to be on strong footing.

The best I imit on O3 from
branch of globular clusters, resulting in a limit of

U, < 4.51 1012, . Raffeltet al.(2013, 2021)|
TN T . e R

There are also cosmological limits arising from big bang
nucleosynthesigdowever, these limits atess severeof order

10195 Fuller, Balantekinet al. (2015)

e



Background courtesy: NASA Babu,SJ, Lindner (2020)




