Beyond the
3-flavour paradigm

Julia Gehrlein
CERN TH Department

21st Conference on Flavor Physics
and CP Violation 2023

CE/RW
\ 31. May 2023

Neutrino
‘ ) PLATFORM




Neutrinos

Observation of neutrino oscillations
= neutrino masses = need for physics beyond the SM

New phenomenology (at least 7 new parameters to measure):
Fully explore 3 flavor paradigm with next generation experiments!

See talks in previous session
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Neutrinos

Observation of neutrino oscillations
= neutrino masses = need for physics beyond the SM

Easy way to generate neutrino masses & explain their lightness

neutrinos de se@ hHe

With dimension 5 operator —

Oy

(L H)(HL) *
A <

Consider SM as EFT — expect first new physics signals to come from lowest

<
dimension operators
(O, only dim-5 operator possible with SM fields only!)
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Neutrinos

Neutrinos as first messengers of new physics?

Use neutrinos as portal to BSM!

e What are the new physics scenarios we can explore with neutrinos?
e What do we already know about new physics in the neutrino sector?

o Any hints for new physics?

Julia Gehrlein FPCP 2023



Neutrino portal

Add fermionic singlet NV, to SM

Only possible coipljng to SM
Zy = ynLi HNg

After EWSB: active-sterile mixing 6 = yvy/my,
Neutrino sector ideal way to test presence of extra fermion singlet!

Np: Sterile neutrino/right-handed neutrino/heavy neutral lepton

Phenomenology depends on sterile neutrino mass scale

Julia Gehrlein FPCP 2023



Testing the neutrino portal

Phenomenology at direct search experiments
(depends on Uf4 and sterile mass scale):

. Need to be kinematically producible
e detected via decay productions in detector

eta decay experiments
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https://arxiv.org/pdf/1912.03058.pdf

Testing the neutrino portal

Oscillation phenomenology of N, depends on its mass scale:

o Np light (mNR~@(1 eV)) — direct sensitivity at oscillation experiments

P = sin*(20)sin“(Amj,L/(4E))

Constraints depend
ONn mass scale

L/E [km/GeV]
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Testing the neutrino portal

Oscillation phenomenology of N, depends on its mass scale:

o N;, light (m\, ~0O(1 eV)) — direct sensitivity at oscillation experiments
o INp heavier (mNRE[1O eV, 15 MeV]) — sensitivity at oscillation experiments in

averaged out reglme Am41L/ (4E)) > 1
R rnnTmnnmm

04}

Constraints are insensitive
to mass scale

Améf1 — 1 eV?

0.35

n Depends on E, L/E of experiment!

0.2

-5 Am41 10eV?

0.1}

LLNAI

L/E [km/GeV]

oA LTI

0 2 4
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Testing the neutrino portal

Constraints from oscillation searches
[Dentler et al, 1803.10661]

Light steriles (m < 10 eV)
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Testing the neutrino portal

Oscillation phenomenology of N, depends on its mass scale:

e  Nplight (mNR~@(1 eV)) — direct sensitivity at oscillation experiments
o N heavier (mNRE[1O eV, 15 MeV]) — sensitivity at oscillation experiments in

averaged out regime Amle/ (4E)) > 1

o Np heavy (mNRZ 40 MeV)) — too heavy to be produced in oscillation

experiments
Impact on unitarity of PMNS matrix:

Measureable, active-light 3x3 mixing matrix is not unitary Depends on E of experiment!
but full mixing matrix including sterile states is unitary

Ve Uel Ue2 Ue3 Ue4 "o \ {Vl . _ o
” Uit Upa Uuz U -+ | | 12 Constraints are insensitive
vo | — | Uy Uy Upa Uy - | | v to mass scale

Vg Usl Us2 Us3 Us4 "t Vg

' )\
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Testing the neutrino portal

Results for non-unitarity of mixing matrix
From Parke, Ross-Lonergan ‘15

Electron row precisely determined:
Driven by reactor experiments — lots of statistics

Normalisations
91- T T 1 1 I | T T | T lli T 1 I T T ™ T 30
Rows | ;oo
- . (x —€ ||I " ',
— =l l|l : ,’ :
. I K : Improvements in future by JUNO .~ Zhang. Diwan. Vogel ‘13
1 I
6L Columns po ! :
1 | ! Muon row less precise:
), — ! | . . .
L e i ) Ongoing and future LBL experiments will lead to
o l—2 I|| / ] .
5 o - 3 ro : more muon neutrino data
............... .-....-.......-....-||II||,-.-.-.-....-.-;,...-,...-. e VA s 2
|'||l| / l .
3r N / o R Tau row not precise:
_ K Small tau neutrino data set
/77
e e e = e e e = ' .-.-.-..’.,.:.; ..................... lo
B _2Z e More data present,
0 P S S e = i i L1 1 I 1 1 1 " " -
0? ol 05 needs to be included in global studies!
2 2 2 2 2 2
1-(Uy " +1Uy" +|Uys" )  or  1=(|U,|” +|U," +|UL")
ROWS Columns [Denton, JG, 2109.14575]
12
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https://arxiv.org/pdf/2008.09730.pdf
https://arxiv.org/pdf/2008.01088.pdf
https://arxiv.org/pdf/1508.05095.pdf
https://arxiv.org/pdf/1308.5700.pdf
https://arxiv.org/pdf/2109.14575.pdf

New neutrino interactions

New neutrino interactions:
neutrino non-standard interactions (NSI)

| 1
Loy =Lsy+—8L +—=F1 ...

CONSI: 255 =—2V2Gy ), el @,Pl)(fPf)
PSSP

NCNSI: Zg = = 2V2Gyp D, €l @,Pup)(fPS)

a.p.f.P Operators are only
valid below weak scale!
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New neutrino interactions

CONSI: 756 == 2/2Gy ). el @, Pl(fPr)

a.p.f.f P
P:S,P,V.A, T
NCNSI: #NC = —24/2G, 2 e/ ST P fPf)
a,p.f,P
NSI parameter €: strength of new interaction
relative to weak interaction

NSI can be flavor diagonal or off-diagonal
Lots of new physics to explore!

Julia Gehrlein
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New neutrino interactions

[Falkowski, Gonzalez-Alonso,
ReSUItS CC NSI Kopp, Soreq, Tabrizi 2105.12136]
10* 103 102 10 1 e 107" 102 102 10* 107

L=150 fm~',90% C.L.
—ee cons.: 9.3x107" /opt.: 8.4x10™" /future: 5.3x10~ | o
] 1.0x10°/9.9x10 /4.4x10 | x decay || "
2 3.7x107/3.0x10~7/1.9x10 T x decay ||/
/ — g 77x106ax10-36x00 Ty
2\/_ 2G Gf’f (17 Pl )(fPf’) €p z;z wm_ﬁaxm___l pordecay
N SI F o ﬂ 04 ﬁ Ut )2 /3 ‘ I"» 7 decay
({4 0.64/0.52/0.33 | 7 decay -7 decay
Cl,ﬁ,f,f,,P gy71 0.34/( ‘ -1 decay}gp- LHC
TTRERE VK] T decay H» LHC
—ee 4.0x10~> /3.1x1( 8% 1( ’ K":igy
7] 5.3x107°/5 )~ /2 | | K decay |- y—laon.
(e 1.4x107°/1.2x107° /7.4x1( K decay ||
o )x 10 4x10-3 /4.8x1( K deca
Strong constraints on CC NSI! <l e e [T
o
724 23.6x10 D% 10> /1.9%1( | K decay
({4 38 l 7 decay |- LHC
TUE & ).98 Tdecayl-»LHC
T 8/14.( LHC HygweT decay
—ee ).7/4.( LHC | Dy decay
eupr LHC |~ Dy decay
erp : LHC |- Dy decay
He ).8/5.4 ! LHC |-js D; decay
elgs- Jo LHC |- [ Ds decay
g 38.0/3¢ i LHC l—» Dy decay
. TEF ).8( s decay |->LHC |->
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*°o°° '2d 0.25/0.18/8x1( | LHC [ D decay

pseudoscalar couplings B T T [ T

A=v/Y e [TeV]
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https://arxiv.org/pdf/2105.12136.pdf

New neutrino interactions

Example: vector NC NSI

. . [Wolfenstein 78]
New forward scattering with matter

Lrsi = = 2V2Gy ) €l @a'vp)(Frf)

a.p.f
Affect neutrino oscillations as a new matter effect

| 1l +e¢,, €y €or
H=E UMU-+al|l € €, €,

K K
Cer G/M €rr

Matter potential a x GppE

Julia Gehrlein
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New neutrino interactions

Effect of NSI in neutrino oscillations:

effect of NSI scales with energy, baseline, and matter density
= use high-energy neutrino sources with long baselines

— atmospheric neutrinos at lceCube

Super-K 2011 (2d) MM COHERENT 2018 (¢“; = ¢Z;) mm IC DC 2020 (public)

Bl MINOS 2013 WW global 2018 (w/ correl.) Bl [C DC 2021 (this analysis)
Bl [C 2017 (public) mm I1C DC 2018 dap = 07,1807
L j New couplings with
.9 ~1 :
o 1071 size up to O(10%)Gy
< 107 - L d!
T allowed!
= 0
= 107 -
< . .. .
X _qo-! 4 Similar constraints
= 1 j from neutrino scattering
R — B . experiments
® © D D D
o~ Cule — Ep e T M [IceCube 2106.07755]
e €11
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https://arxiv.org/pdf/2106.07755.pdf

Any signs for new physics in
neutrinos/?

Many constraints on new physics scenarios!

However also several exciting anomalies

Julia Gehrlein FPCP 2023



Neutrino anomaly at long-baselines

Current status of CPV in lepton sector
[Himmel ’20]
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0.3 NOVA: + BF | | <90% CL [ <68% CL
) — | | | | I | | | 1 I | | | 1 | | | l |
0) T T 31 2T

Ocp 2
NOVA, T2K experiments prefer NO
no strong preference for NOvVA, generally around 0 ~

T2K prefers 0 ~ 37x/2
= slight disagreement!

Neutrino 2022 update:
similar results of T2K and NOVA using
different statistical framework

Julia Gehrlein
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Neutrino anomaly at long-baselines

[Denton, JG, Pestes, 2008.01110,
See also Chatterjee, Palazzo, 2008.04161]

Complex NSl with|e| ~ 0.2, ¢ =~ 37/2, 6 ~ 3x/2, NO can fully resolve the tension

2T

2T

3m/2 T 3m/2

Per
=

00 01 02 03 04 05 06 0.0
|€eu|

orange preferred over SM at integer values of A)(z, dark gray disfavored at A)(z =461

Allowed region evades constraints from atmospheric neutrinos at IceCube and neutrino scattering
experiments

Julia Gehrlein FPCP 2023 20



https://arxiv.org/pdf/2008.01110.pdf
https://arxiv.org/pdf/2008.04161.pdf
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Neutrino anomaly at short baselines

MiniBooNE and LSND anomalies:
Anomalous appearance of electron neutrinos from muon beam

[MiniBooNE, 1303.2588]

Possible solution
provided
by sterile neutrino

But solution in tension
with disappearance searches
and cosmology!

Julia Gehrlein

FPCP 2023
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https://arxiv.org/pdf/1303.2588.pdf

Events/MeV

Neutrino anomaly at short baselines

MiniBooNE and LSND anomalies:

Anomalous appearance of electron neutrinos from muon beam

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

[MiniBooNE, 1303.2588]

Possible solution provided

: Antineutrino [ .o s0% oL . . .
. JF | ™ e | DY sterile neutrino but tension
B =i e | with disappearance searches and
B SEe. . cosmology! .
‘ But sigh of anomalous electron
R outrine ) Anomalous appearance neutrino appearance
'- N 3 not confirmed [Denton, 2111.05793]
1.0 I % ' B by MicrO BOON E! % 30 - . T Ei:g%:% EEF-
= | [MicroBooNE, 2110.14054] S 20
2 0.4 0.6 0.8 1.0 1.2 1.4 1E.55JE Go \:/3).0 1 % " el
" ?Neutrim_‘,f“‘ See talk by M. Ross-Lonergan 210}
1o° 1(;3 - “16'2 10" Sin22e1 . 0
Resolution of anomaly: e
Short baseline program at Fermilab
Julia Gehrlein FPCP 2023 22


https://arxiv.org/pdf/1303.2588.pdf
https://arxiv.org/pdf/2111.05793.pdf
https://arxiv.org/pdf/2110.14054.pdf

Neutrino anomaly at short baselines

Measured reactor spectrum deviates from theoretical prediction
~ 30 preference for sterile neutrino

10
[Berryman, Huber 2005.01756]
R ———
. 1.5~ * B 1
| "GLoBESfit o | ‘VGLoBESfit v1.0 ‘?‘%
14 | .. 14 = —
al - 1.3 -
1.3 _ 1o : -1
§12 | 4 o 1.2
&1 /\ < L1 +’ .
= - ! \ == - 10l .L e T 107215 | N1 . I
= 1.0 N P~ Z L= T - 1077 107 107 1
SH VA \“/I T \/\/..... \/ V ’ : T sin” 26,
00 | T T | + 0.9/ + IR A ‘
08 T | 08 L Anomaly
[230p,, 4 | ‘235U T
| 07— S R N R N I . . "
"0 30 40 50 60 70 80 20 30 40 50 60 70 80 in total rate is < 20
E, [MeV] E, [MeV] [Giunti, Li, Ternes, Xin 2110.06820]
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https://arxiv.org/pdf/2005.01756.pdf
https://arxiv.org/pdf/2110.06820.pdf

Neutrino anomaly at short baselines

Use neutrinos from beta decays: Gallium experiments (GALLEX,

SAGE, BEST)

Electron neutrinos from decay of radioactive source, captured after

~20% deficit with theoretical prediction of flux ( > 50)

2 2
Am? (eV?)
it (\®) W AN N @)} ~J o0 \O
. o 1 5 5+ 5 5 e e ey

10

0
00 01 02 03 04 05 06 07 08 0.92 1.0
sin26

propagating ~1 m

llllll

lllllllllllllllllll

[BEST, 2201.0736]

Possible solution provided
by sterile neutrino

But region of parameter space
disfavoured by solar data, cosmology

Nuclear physics resolution
possible but unlikely,

exotic new physics required
[Brdar, Kopp, JG, 2303.05528]

Julia Gehrlein
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https://arxiv.org/pdf/2201.07364.pdfhttps://arxiv.org/pdf/2110.06820.pdf
https://arxiv.org/pdf/2303.05528.pdf

Neutrino anomaly from upgoing
atmospheric neutrinos

[lceCube, 2005.12943]

Deficit of upgoing atmospheric muon neutrinos 100 _Analysis I 0
a t IC e C u b e 90% C.L. % 9
99% C.L. 8
10
7
R [ =
. . . w3 1 5 5
Hint for sterile neutrino at 90%CL! 5 * Iy o
0.1 ik
llllllllllllll 19
...41, —1
08501 00l o1 10
sin2(2924)
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https://arxiv.org/pdf/2005.12943.pdf

Astrophysical neutrino anomaly

expect flavor ratio of 1:1:1 at Earth and single power law

Data shows > 30 tension!

[Denton, Tamborra 1805.05950]
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https://arxiv.org/pdf/1805.05950.pdf
https://arxiv.org/pdf/1808.07629.pdf

Neutrino anomaly in the early Universe

Hubble tension can be alleviated by new neutrino interactions
to delay onset of neutrino free streaming

Example: neutrino self-interactions

Universal couplin v, coupling

1§ 1§ » ¢ [Blinov et al 1905.02727]
10‘1;— 10—1;—
: Lab : Meson decays exclude
§ 102 i Constraints S D? 102 §(_D]131‘133,(13\IV) E . . .
L solution with universal or v, U,
gl [T ] 2l i .
10-3 =) g 107 = g coupling
o e : o e of new mediator
10—4 ook ety vl ol 1o 10_4_3 = “““l_l' i | AT '”““Iz' — ;
10—3 10—2 10—1 1 10 102 103 10 10 10 1 10 10 10
mg [MeV] mg [MeV]

Hubble tension can be alleviated with MeV mediator coupling to v_ only

Julia Gehrlein FPCP 2023 27


https://arxiv.org/pdf/1905.02727.pdf

UHE neutrino anomaly

Ultra high energy (EeV) neutrinos detection by ANITA

= (Antarctic Impulse Transient Antenna)

Ballon experiments @36km above South Pole '~ ==
4 flights (each ~30 days) |7

o Idea: detect UHE (E ~ 10'® eV) neutrinos via radio pulses
from interactions in ice (Askaryan radiation)

not observed — limit on diffuse UHE v flux

1073
1079 107° 107* 1072 1072 10°Y 1 10!

CR induced air showers reflecting off the ice
™ (s)

observed
. ANITA saw 6 anomalous events A A P wgl
(significance > 30) cannot be explained by SM! Flu & (lkan™day™)
[Bertolez-Martinez, Arguelles, Esteban,
Lopez-Pavon, Martinez-Solver, Salvado
FPCP 2023 2305.03746] o8
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https://arxiv.org/pdf/2305.03746.pdf

Conclusions

Enter precision era for neutrino physics:
fully test 3-flavour oscillations & test BSM
In neutrino sector

. Neutrinos provide unique probe of presence of additional fermion

e More theoretical work and model building needed correctly study and

interpret NSI

Several neutrino anomalies — new physics could be hiding in neutrino sector

= uncovered already surprises in neutrino sector, maybe more to come...

IceCube

: Gallium Reactor spectral |NOVA & T2K data: _ IceCube _
Hubble tenSSI{/(Im: anomaly: shape: SBL anomaly: Disagreement atmosperic L astrophysical v: Arﬁ)tlr:zgus
Neft > N off v, disappearance || ¥, disappearance Ve aPPEArante iN Oeas Earth crossing TeV v, | | track vs cascade | | jHE events
deficit tension
3 By
eV keV MeV GeV TeV 10° TeV EeV

29



Thanks for your attention!
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Backup: Non-unitarity

[Denton, JG, 2109.14575]

Overlooked data sets:
» Atmospheric vy disappearance (DeepCore, SuperK, IceCube =¥ IceCube, HyperK, KM3NeT)

* Long baseline vt appearance data (OPERA = DUNE)

e new: vt CC scattering data from DOnuT =*FASERNu

 hew: Atmospheric vt appearance (lceCube, SuperK =»lceCube, HyperK, KM3NeT)
 hew: Astrophysical vt appearance (lceCube =»lceCube-Gen?2)

e new: NC data from SNO
e new: NC data from CEVNS = more CEVNS data

Julia Gehrlein FPCP 2023


https://arxiv.org/pdf/2109.14575.pdf

Appendix: NS|I models

NSI models

general idea to allow for sizable NSI: constraining the direct coupling of the NSI mediator to the heavier
generations or to sterile neutrinos that mix with the active ones

e D. V. Forero and W.-C. Huang, JHEP 03, 018 (2017), arXiv:1608.04719 [hep-ph].

e P. B. Denton, Y. Farzan, and |. M. Shoemaker, Phys. Rev. D 99, 035003 (2019), arXiv:1811.01310 [hep-
ph].

e U. K. Dey, N. Nath, and S. Sadhukhan, Phys. Rev. D 98, 055004 (2018), arXiv:1804.05808 [hep-ph].

e K. Babu, A. Friedland, P. Machado, and |. Mocioiu, JHEP 12, 096 (2017), arXiv:1705.01822 [hep-ph].

e Y. Farzan and J. Heeck, Phys. Rev. D 94, 053010 (2016), arXiv:1607.07616 [hep-ph].

e Y. Farzan and |. M. Shoemaker, JHEP 07, 033 (2016), arXiv:1512.09147 [hep-ph].

e Y. Farzan, Phys. Lett. B 748, 311 (2015), arXiv:1505.06906 [hep-ph].

e K. Babu, P. B. Dev, S. Jana, and A. Thapa, JHEP 03, 006 (2020), arXiv:1907.09498 [hep-ph].
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Backup: LMA-D degeneracy

e | MA-D degeneracy. Neutrino oscillations exhibit a

degeneracy in the presence of NSI which makes it
impossible to determine the neutrino mass ordering

If €,, = — 2, all other NSI parameters zero

Paﬁ(NO,L, E,p,e =0) = Paﬁ(IO, L E,pe=—2)
P,,10,L, E,p,e =0) = P 4NO,L,E,p,e = —2)

In all oscillation channels

= use neutrino scattering data to probe parameter
space
Ruled out LMAD solution in electron sector

[Denton, JG 2204.09060]

Julia Gehrlein

FPCP 2023
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https://arxiv.org/pdf/2204.09060.pdf

Backup: Neutrino anomaly from upgoing
atmospheric neutrinos

System of active neutrinos and sterile exhibits a resonance where the mixing angle is
maximal in matter at resonance energy [lceCube, 2005.12943]

For matter densities of Earth, Amfl ~ 1 eV?

Analysis I

E o ~ 1 TeV — energy of atmospheric neutrinos N ;0

o1 OL :

= search for eV-scale steriles with upgoing 7| ¥
atmospheric neutrinos at 5 =
lceCube E [, S

13

Hint for sterile neutrino at 90%CL! N 2

11

“Boor o001 o o
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https://arxiv.org/pdf/2005.12943.pdf

Backup: Neutrino anomaly in the early

U I I ] Ve I Se CMB with Planck
Balkenhol et al, (2021), Planck 20184 SPT+ACT : 67.49 + 0.53

- o
Pogosian et al. (2020), eBOSS+Planck QmH?: 696+ 1.8 = e
Aghanim et al. (2020), Planck 2018: 67.27 £0.60 = o
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 £ 0.54 = o HO
Ade et al. (2016), Planck 2015, H; =67.27 £ 0.66 = e
i a [km s~ Mpc~1]
CMB without Planck -
Dutcher et al. (2021), SPT: 68.8 £ 1.5 = —e—
Aicla et al. (2020), ACT: 67.9 1.5 = e
Aiola et al. (2020), WMAPS+ACT: 67.6 £1.1 = —e—
Zhang, Huang (2019), WMAP9+BAO: 68.36%723 = ]
Hinshaw et al. (2013), WMAPS: 70.0+ 2.3 = —_——
No CMB, with BBN -
D'Amico et al. (2020), BOSS DR12+BBN: 685 +2.2 = e
[ Colas et al. (2020), BOSS DR12+BBN: 68.7 1.5 = | —e—
Philcox et al. (2020), P,+BAO+BBN: 68.6 £ 1.1 = | —e—
X a S] O ra e lvanov et al. (2020), BOSS+BBN: 679+ 1.1 - —eo—
I l I I Alam et al. (2020), BOSS+eBOSS+BBN: 67.35+0.97 = —e—
P/(k) + CMB lensing -
Philcox et al. (2020), P,(k)+CMB lensing: 70.62] = .
2 2 e 3 S 4 S 2 - Indirect
. - E——  _ _ W— iy
Cepheids — SNla - i
a t — a I a | I a e o o Riess et al. (2020), R20: 73.2+ 1.3 = Direct
m I/’ Breuval et al. (2020): 72.8+2.7 =
Riess et al. (2019), R19: 74.0£1.4 -
Camarena, Marra (2019): 754 1.7 =
Burns et al. (2018): 73.2+£2.3 =
Dhawan, Jha, Leibundgut (2017), NIR: 72.8 + 3.1 =
Follin, Knox (2017): 733+ 1.7 =
Feeney, Mortlock, Dalmasso (2017): 73.2+ 1.8 =
Riess et al. (2016), R16: 73.2 1.7 =
Cardona, Kunz, Pettorino (2016), HPs: 73.8 2.1 =
(] [ ] Freedman et al. (2012): 743 2.1 =
TRGB — SNla -
Soltis, Casertano, Riess (2020): 72.1 £ 2.0 = p—e—
Freedman et al. (2020): 69.6 £1.9 = }———eo—
Reid, Pesce, Riess (2019), SHOES: 71.1+£1.9 - ——e—A
Freedman et al. (2019): 69.8+1.9 - _0—r
PY Yuan et al. (2019): 724+ 20 - _
Jang, Lee (2017): 71.2+25 - F < {
and late time data > 40
Huang et al. (2019): 73.3+£4.0 - } {
Masers -
Pesce et al. (2020): 73.9+3.0 -
Tully — Fisher Relation (TFR) -
Kourkchi et al. (2020): 76.0£2.6 =
Schombert, McGaugh, Lelli (2020): 75.1 £2.8 =
Surface Brightness Fluctuations -
Blakeslee et al, (2021) IR-SBF w/ HST: 73.3+25 = I i
Khetan et al. (2020) w/ LMC DEB: 71.1 £ 4.1 = } {
SNII S
° ° de Jaeger et al. (2020): 75.8%3] . k {
® HIl galaxies -
° Fernandez Arenas et al. (2018): 71.0 £ 3.5 = k {
Lensing related, mass model — dependent -
° ® Denzel et al. (2021): 71.8:2% -
Birrer et al. (2020), TDCOSMO+SLACS: 67.4*41, TDCOSMO: 74 5:2; - - ——— ——————————— -
Yang, Birrer, Hu (2020): Hy = 73.651 3 =
. Millon et al. (2020), TDCOSMO: 74.2 £ 16 =
, Baxter et al. (2020): 73.5+5.3 =
Qi et al. (2020): 73.61i‘§ -
Liao et al. (2020): 72.82}35 =
Liaoetal (2019): 72.2%+2.1 -
d Shajib et al. (2019), STRIDES: 74,2f?1; -1
Wong et al. (2019), HOLICOW 2019: 73.31;1i -1
. Birrer et al. (2018), HOLICOW 2018: 72.5%5% =
Bonvin et al. (2016), HOLICOW 2016: 7],91§'E‘, -
Optimistic average -
[ ] [ ] [ ] [ J [ ] [ ] Di Valentino (2021): 72 94 £ 0.75 = —eo—
litra — conservative, no Cepheids, no lensing -
including scenarios involving neutrinos —~
GW related -
Gayathr et al. (2020), GW190521+GW170817: 73 4:?:—‘2 - , i
Mukherjee et al. (2020), GW170817+ZTF: 67.6:&; - F i
Mukherjee et al. (2019), GW170817+VLBI: 68.3‘:3" - I i
Abbott et al. (2017), GW170817: 70,0*,1]‘,:,}'l - | {

[Di Valentino et al, 2103.01183] 65 70 75 80
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Backup: Neutrino anomaly in the early
Universe

Hubble tension:
Relativistic species in early Universe drive expansion of the Universe, so does H,!

H*(a(t)) = H}(Q,a > + Qa™ "+ Q + Qa™> + ...)

Relation between Neff and HO [PLANCK18 1807.06209]
Hy ~ [67.5 + 6.2ANg¢s] km/s/Mpc L lo.m
ANgss ~ 1 required to solve tension

Riess et al. (2018) 0.83
— 0.82

- 0.81

— 0.80

9 Planck constraints ANg¢s < 0.33 liss-

’:, 2 /‘;‘,
L7 ‘—',_' ."
. “,f‘:,
o . NP 0.79
0.78
60 -
0.77
| | | |
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Backup: Neutrino anomaly in the early

Universe

Counteract effects of larger Nga¢s in CMB and
matter power spectrum!

Effects on CMB: decreases the amplitude of

acoustic peaks, shift them to larger scales/smaller ..}

multipoles

[Kreisch, Cyr-Racine, Dore 1902.00534]

Fixed Y m, = 0.06eV
Fixed Q,h?, 2o, 0.

= 0.10 -
5
S5 0.06-
Introduce new neutrino interactions to delay 3 oo e s
onset of neutrino free streaming =) 4 T AR R A
: : : Elzﬁ ~0.06 - | ' '
Example: neutrino self-interactions z
o — ACDM (Nug = 3.046) —— Geg = 10-2MeV 2, Nog mryyrs B B,
0.4 J7rr ACDM (N = 4.046) vo G = 10-2MeV~2, Nug = 4.046 T Ty
0 500 1000 1500 2000 2500 3000
0
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Backup: Astrophysical neutrino anomaly

expect flavor ratio of 1:1:1 at Earth and single power law
Data shows > 30 tension!

Invisible [Denton, Tamborra 1805.05950]
neutrino decay scenario: »
D(2,3)L — VIR +J 0.35 -

/ 0.30}- -
Stable, least amount of v 2 2
M S 0.25 N -
— suppresses v, at low energies S ool ]
[Arguelles et al 2203.10811] 2 N
£ 0.15 -

Invisible v Decay Constraints and Evidence

jeeCube (2, %3) 0.101- __--"  —— Standard Model -
Tracks & Cascades @~ eeesssa===-

0.05 -

Invisible v Decay

IceCube (v;) _
7/m = 100 s/eV

SN1987A (7e)
DSNB (%)

CMB (v;) 0.0 vl vl vl il il il
902 10° 104 10° 10° 107 10% 107

L,
S T 14 (GeV]

-+ —
10—8 104 100 104 10

10—12
T/m [s/eV]
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Backup: UHE neutrino anomaly

ANITA saw anomalous events!

2 steeply upward going events in ANITA-I and ANITA-II

[ANITA 1603.05218,1803.05088]

4 anomalous events near horizon in ANITA-IV

[ANITA 1603.05218]
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Backup: UHE neutrino anomaly

ANITA saw anomalous events!

[ANITA 1603.05218,1803.05088]

2 steeply upward going events in ANITA-I and ANITA-II

Events could come from 7 decay above surface from parent v/_
e however EeV-energy v_ has interaction length < diameter of Earth

— v_origin unlikely
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Backup: UHE neutrino anomaly

ANITA saw anomalous events!

4 anomalous events very near horizon in ANITA-IV

[ANITA 1603.05218]

Better sensitivity but no anomalous upgoing events

“not observationally inconsistent with t -induced extended air showers from Earth skimming

»”
T

104_‘ ol vl ! I

however required diffuse UHE v_ flux in

tension with lceCube/Auger bounds

v flux from transient source in tension
with Auger and ANITA Askaryan channel

Flux ® (km™* day

[ANITA 2112.07069]

1

10!

[Bertolez-Martinez, Arguelles, Esteban,

ct (km)
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) | m

|
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|
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