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Friends across 20 orders of magnitude

Cross Section (V, e 2>V, e” in mb)
)

0

SuperNova
Reactor

Accelerator

Super-K
MINOS+
lceCube

PINGU
LBNE

INO/ICAL

Hyper-K

CBig Bang R

P I I N N AN T Sy |

2 Atmospheric

Cosmic

' T Y Y Y Y

10*  10% 1 10 10* 10° 10® 10"

J. L. Hewett et al, 1401.6077 (Snowmass Report)

1012 1014 1016 1018
Neutrino Energy (eV)



Ultra High-energy (UHE) Neutrinos: Astrophysical Messengers
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But the Flux is Small
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Need Very Large Detectors
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Neutrino Detection at IceCube
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[TIceCube Collaboration, PRL *13; Science "13; PRL "14] [Picture courtesy: C. Kopper]



7.5-year HESE Dataset
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A New Era of Neutrino (Astro)physics
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A New Era of Neutrino (Astro)physics
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Three main aspects:
@ Source: flux and initial flavor composition
@ Propagation: final flavor composition on Earth

@ Detection: showers and tracks, upgoing and downgoing events, features in the spectrum



ial Sources
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Potential Sources
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Potential Sources

hadro-nuclear production

Starburst Galaxies, Galaxy
Clusters/Groups
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Flavor Composition

Fraction of v,

—— HESE with ternary topology ID v, : v, : v, at source — on Earth:

Y Best fit: 0.20 : 0.39 : 0.42 0:1:0 — 0.17 : 0.45: 0.37
Global Fit (IceCube, APJ 2015) e 1:2:0 - 0.30: 0.36: 0.34
Inelasticity (IceCube, PRD 2019) 1:0:0 — 0.55 : 0.17: 0.28

-------- 3v-mixing 30 allowed region 1:1:0 — 0.36 : 0.31: 0.33 2011.03561



A New Probe of BSM Physics

o Improved precision on the astrophysical neutrino flux measurement is expected.
@ Any anomalous feature could be used as a probe of BSM physics.
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A New Probe of BSM Physics

o Improved precision on the astrophysical neutrino flux measurement is expected.
@ Any anomalous feature could be used as a probe of BSM physics.
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This talk: Probing Neutrino Mass Models using UHE Neutrino Resonance "



SM Resonances

Hadronic Cascade
[Glashow (Phys. Rev. *60)]
Glashow resonance
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Recently observed by IceCube

[Nature 591, 220 (2021)]



SM Resonances
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E, = 5% = 6.3 PeV E, = 524 > 10" GeV
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Unlikely to be seen



SM Resonances
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SM Resonances
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SM Resonances
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Rate is small [Paschos, Lalakulich, hep-ph/0206273; BD, Soni, 2112.01424; Brdar, de Gouvea, Machado, Plestid, 2112.03283]



New Resonances in Neutrino Mass Models

|

Particle Content

|

Lagrangian term

|

T(1,1,1) orh™(1,1,1)

f(x,BLaLﬂ 77+ or faﬁLaLﬁ h,+

n
H(1,2,4)=(H', H")

1) YaﬁLQE%H
S1(3,1,1) AapLa@pS

Sa (3’37 %) — <p4/37p1/37p—2/3) ASXBLaQﬁSS
Ry (3,2,%) = (°7°,8°7 Mg Lou§ Ry
Ry (3,2,3) = (w*% w™'/?) Ay Lod§ Ry




An Example: Zee Model

[Zee (PLB *80)]
o Scalar sector: 7(1,1,1) and @ » (1,2, %) = (qﬁfz, (1)2)
@ Leads to the Yukawa Lagrangian and potential term
Ly O fapLiLhein™ + (1)as®i Liliei; + (y2)ap®bLi lhei; + Hee..
VDo u@i@éeijn7 +H.c..
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[Zee (PLB *80)]
o Scalar sector: 7(1,1,1) and @ » (1,2, %) = (qﬁfz, (1)2)
@ Leads to the Yukawa Lagrangian and potential term
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An Example: Zee Model

[Zee (PLB *80)]
Scalar sector: (1,1, 1) and ® o ( ) (qﬁl 2 )
Leads to the Yukawa Lagrangian and potentldl term
—Ly D fQﬁLéLéeijnJr =+ (yl)aﬁaﬁLiJ%eu -+ (yg)a[g%éLfJf;eij +H.c..
VDo ,ucbicbéeijn7 +H.c..

(]

@ Higgs basis: Hy _ s e sp Lt )
H»> —e'tsg ] D)
(;+ }{+
Hi = , : Hy = ;o .
! < %(v—!—H?—FzGO) ) 2 < %(Hg—&-zA) )
o Charged scalars: Kt = cos ont +sing H2+ 7
HY = —sinpnt +cospH,
with sin 2¢ = mi+igé+ .
@ Similarly, in the C' P-even neutral sector:
h = cos(a— B) HY +sin(a — 8) Hy ,
H = —sin(a—pB)H} + cos(a — ) H.

2A6v
mg,—m

where sin 2(a — 8) = . Work in alignment limit.



Radiative Neutrino Mass

@ Rewrite the Yukawa Lagrangian in Higgs basis:
—Ly D faﬁLgLéeijn+ + ?a/jﬁiilzéfgeij + Yagﬁng‘@%Ei]' + H.c..

@ Charged lepton masses: M, = Y(H?) = vyl
' V2



Radiative Neutrino Mass

@ Rewrite the Yukawa Lagrangian in Higgs basis:
~Ly D fapLiLlen® + YapHiLilGei; + Yap H5 L3 05ei; + Hee..
o Charged lepton masses: M, = ?(H?) - ?% .
@ Lepton number violation is obtained by the cubic term
V O pHi Hjejn +He.
@ Open up the AL = 2 effective d = 7 operator Oy = L' L7 L¥e®H'e; €y, to generates

neutrino mass at one-loop: [Zee (PLB *80)]

M, = k(fMY + YT M, f"),

1 2
where K = ——sin2yplog m2h+ .
167 Myt




How Light Can the Charged Higgs be?

[Babu, BD, Jana, Thapa, 1907.09498 (JHEP *20)]
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How Light Can the Charged Higg

[Babu, BD, Jana, Thapa, 1907.09498 (JHEP *20)]
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‘Zee-burst’: New Resonance at IceCube

m?2

E, = %FH_ 2> 10 PeV (observable at IceCube)



‘Zee-burst’:

New Resonance at IceCube
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Neutrino Non-Standard Interactions

LNs1 = *2\/§GF€£§ (Day* PrLvg) (fyuPx f)

[Wolfenstein (PRD *78)]




Neutrino Non-Standard Interactions

Lns1 =

—2v2G rel (Day" Prvs) (fyuPx f)

[Wolfenstein (PRD *78)]
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A New Probe of NSI
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[Babu, BD, Jana, Sui, 1908.02779 (PRL "20); Babu, BD, Jana, arXiv:2202.06975]



May not have to wait 75 years!

PLEVM : A planetary neutrino telescope

GVD, Russia
IceCube

KM3NeT, Sicily
ONC, Canada
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E>10GeV
under construction
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Pseudo-Dirac Neutrir

[Wolfenstein (NPB "81); Petcov (PLB ’82); Kobayashi, Lim (PRD ’01)]
Consider a maximally mixed superposition of active and sterile states:

Usk )
VgL = %(Vks + iVka)
with mj, po = mj & 0mi /2 (with k = 1,2, 3).
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Conclusion

@ Detection of UHE neutrinos has ushered in a new era of Neutrino Astrophysics.
@ Also provides a new opportunity window for BSM physics searches.

@ Radiative neutrino mass models with (relatively) light mediators can give rise to distinct
resonance features.

@ Color-neutral mediators are accessible to IceCube and/or future neutrino telescopes
(IceCube Gen-2, KM3NeT, P-ONE) .

@ A new probe of NSI, complementary to other laboratory and collider probes.
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