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A New Era of Multi-Messenger Astronomy

2109.10841

Compact Object Mergers See talks by
. J. Ellisand S. Bose

qk’,\\‘(\’g
\\?\\'\00\
Active Galaxies and \\l \ Future NASA _#75
Tidal Disruption Events ~ A N AR
 See talks by I . =

D. Hooper, S. Agarwalla, and S. Rakshit

Great neWs for both Astrophysics and Particle Physics.


https://arxiv.org/abs/2109.10841

Outline

New Multi-Messenger Probes of (B)SM Physics

* Decaying Heavy Dark Matter (sui, 8D, 1804.04919 (1cap);

Brdar, BD, Maitra, Suliga (in preparation)]

* New (B)SM Resonances [Babu, BD, Jana, Sui, 1908.02779 (PRL);

Brdar, BD, Plestid, Soni, 2207.02860 (PLB);
BD, Jana, Porto, 2312.17315]

e Pseudo-Dirac Neutrinos [Carloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737 (PRDL);

BD, Machado, Martinez-Soler, 2406.18507]

 Axion-like Particles [BD, Fortin, Harris, Sinha, Zhang, 2305.01002 (PRL) and work in progress]



https://arxiv.org/abs/1804.04919
https://arxiv.org/abs/1908.02779
https://arxiv.org/abs/2207.02860
https://arxiv.org/abs/2312.17315
https://arxiv.org/abs/2212.00737
https://arxiv.org/abs/2406.18507
https://arxiv.org/abs/2305.01002

photo-hadronic production

Starburst Galaxies, Galaxy ! ) \ iy
Clusters/Groups " N (p) ‘.Ter

GRB, AGN, Radio
Galaxies, Blazars,
supernovae ...

py case

Sui, BD 1804.04919 (JCAP)

Meszaros 1708.03577 (ARNPS)

y ray exclusions
Derived From IC HESE
B 2comp astro
lcomp(E~%%%+DM
IceCube 1comp (E~%%2)

* |ceCube best-fitin tension with gamma-ray
constraints.
* Alternatives: Broken power-law, 2-component

Integrated Photon Flux (cm?s sr) ™!

100 10* 10°
flux, neutrinophilic BSM contribution E, (GeV)

(a) K =1 case 4


https://arxiv.org/abs/1804.04919
https://arxiv.org/abs/1708.03577

Decaying Heavy Dark Matter
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Mild preference for a decaying dark matter component over purely astrophysical unbroken power-law flux

Sui, BD 1804.04919 (JCAP)

For a recent update, see Fiorillo, Valera, Bustamante, Winter 2307.02538 (PRD) 5



https://arxiv.org/abs/1804.04919
https://arxiv.org/abs/2307.02538

New SM Resonances with UHE Neutrinos

q
Hadronic Cascade
[Glashow (Phys. Rev. *60)]
Glashogv resonance
m
E, = 7% — 6.3 PeV
me

Recently observed by IceCube
[Nature 591, 220 (2021)]

Hadronic Cascade
[Weiler (PRL °82)]
ZQ-burst
_ Mz 14
E, = 34 > 10" GeV

Beyond GZK cutoff
Unlikely to be seen

(Axial) vector meson resonance

Paschos, Lalakulich 0206273;
BD, Soni 2112.01424

_ (3.0x 10" eV)
B (1+ 2)

Neutrino Energy E, [GeV]

Accessible at neutrino telescopes! Brdar, BD, Plestid, Soni, 2207.02860 (PLB)


https://arxiv.org/abs/hep-ph/0206273
https://arxiv.org/abs/2112.01424
https://arxiv.org/abs/2207.02860

Events per 2635 days
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New BSM Resonances with UHE Neutrinos

H- /h- Can be of any
J flavor.

Zee-burst

md DM decay-induced
E, = — 2 10 PeV (observable at IceCube) Z-burst (or p-burst)

Motivated by the Zee model for neutrino mass | | )
A.Zee (PLB ‘80) -/ mom=107GeV, rpp=5x10%s

mH+ ~ mh‘" — 100 GeV Zee Model(Y=1.0) + SM + Atm BG
Zee Model(Y=0.5) + SM + Atm BG

Il Zee Model(Y=0.25) + SM + Atm BG
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Babu, BD, Jana, Sui 1908.02779 (PRL)

Brdar, BD, Maitra, Suliga (in preparation)



https://arxiv.org/abs/1908.02779

Probing the Nature of Neutrino Mass

neutrinos
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Perhaps something beyond the standard Higgs mechanism?

See talk by S. Goswami
Majorana or Dirac (or something in between)?

Only experiments can tell.

* What if there is no signalin NDBD experiments?
* Time to think about alternative probes.

KATRIN

Miightest [CV]

See talk by F. Deppisch




What do we know from Theory?

@ Simplest possibility: Add SM-singlet Dirac partners vr to write Dirac mass.

@ Also allows for a Majorana mass term MrURVR.

O mp
M, = .
(m% MR>

o If Mr = 0, lepton number is preserved and neutrinos are Dirac.
o If M # 0, neutrinos are Majorana.

o If ||MRg|| < ||mp]l|, neutrinos are pseudo-Dirac (small active-sterile mass splitting).
@ But isn’t it more natural to have || Mg|| > |Imp]|| (seesaw)?

[Minkowski (PLB ’77); Mohapatra, Senjanovic (PRL ’80); Yanagida ’79; Gell-Mann, Ramond, Slansky *79]

@ Maybe, but || Mr|| < ||mp]|is a logical possibility too.

[Wolfenstein (NPB ’81); Petcov (PLB ’82); Valle, Singer (PRD ’83); Kobayashi, Lim (PRD ’01)]

@ Any model of Dirac neutrinos with Planck-suppressed operators would predict
pseudo-Dirac neutrinos.




How to probe Pseudo-Dirac Neutrinos?

Oscillation effects are suppressed, unless L and E are such that ém°L/E ~ 1.

Need astrophysical baselines.
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Beacom, Bell, Hooper, Learned, Martinez-Soler, Perez-Gonzalez, Sen
Pakvasa, Weiler (PRL) (PRD)



https://arxiv.org/abs/hep-ph/0307151
https://arxiv.org/abs/2105.12736

Here comes Multi-Messenger Neutrino Astronomy

Pst1424+24o§

. TXS 0506+056

NGC 1068
®
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Background ¢ Data

Source Name Source Type o [°] 0 [°] Yy —logipPocal  Poo%
NGC 1068 SBG/AGN 40.67 -0.01 32 7.0(03.20) 9.6
PKS 1424+240 BLL 216.76 23.80 35 40(3.70) 11.4
TXS 0506+056 BLL/FSRQ 7736 570 5 20 3.63.50) 7.5
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IceCube Collaboration, 2211.09972 (Science); —0.4
1807.08794 (Science). 412 410 408 406 404

Padovani et al., 2405.20146 (Nature Astron.) Right.Asmension [deg]

40.2



https://arxiv.org/abs/2211.09972
https://arxiv.org/abs/1807.08794
https://arxiv.org/abs/2405.20146

A New Probe of Pseudo-Dirac Neutrinos

om? = 10172V NGC 1068

WlthLeff fmﬂﬂdH(Z)ZHo Qm(1—|—z>3—|—QA—|—(1—Qm—QA)(1—|—2)2

Carloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737 (PRDL)

12


https://arxiv.org/abs/2212.00737

First lceCube Constraints on Pseudo-Dirac Neutrinos

A IceCube, current
Source Source Type  —log; Plocal A z ’

NGC 1068 SBG/AGN 7.0 (5.20) 32 0.0038 (16 Mpc)
PKS 14244240 BLL 4.0 (3.70) 3.5 0.6047 (2.6 Gpc)
TXS 05064056 BLL/FSRQ 3.6 (3.50) 2.0 0.3365 (1.4 Gpc)

— B-L gauge

2 NGC 1068

PKS P TXS
NGC 1068 1424240 L 0506056

IceCube-Gen2, projected
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Carloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737 (PRDL)


https://arxiv.org/abs/2212.00737

Energy-dependent Flavor Triangles

CvB matter effect: JANES \/Q(}p(l S ICEE P Notzold, Raffelt (NPB ‘88)

: 4F, 4F,

v

1 , , - - dm?Log e e dm? Odm2L.g
Pog = — [Ua; |le3] 1% |1 4 cos 26* cos 207 cos [ —Z—= | + sin 26" sin 267 cos dz—2L + .
2 J J E J J
J

Standard ° Standard
Vacuum ) — Vacuum
o  Matter _— e = ' o  Matter
— IC — — IC
— Gen2 ’ 0.2 — Gen2

BD, Machado, Martinez-Soler, 2406.18507


https://arxiv.org/abs/2406.18507
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MSW Resonance in Hidden Neutrino Sources

Column density Ny = f Nedr > o, ! ~ 1.5 x 10** cm ™2 corresponds to unity optical depth.

Jet BD, Jana, Porto, 2312.17315 Earth

Broagl line Region
v

M20-100 keV) 546 | Narrow Line Region Vacuum Oscillation
Torus ' _

0.B H +—*4

Resonances
0.8 = sl Accretion Disk

Ny - Blé’ckhble TR | "/:'" Normal Ordering

Jet L

\ ] 5> | - Y7h

Compton-thick AGN Zimv : - Vis¥;

* Neutrinos from Compton-thick AGNs must undergo source matter effect.
wind ... * Resonant flavor conversion, analogous to the supernova case.
0.1 1

Roughly one in four AGNs is
Compton thick.

Maybe the reason why most of . -
the HEN sources are unknown. Can drastically change the flavor composition of HENSs. .

Dighe, Smirnov, 9907423 (PRD)



https://arxiv.org/abs/0906.5544
https://arxiv.org/abs/2312.17315
https://arxiv.org/abs/hep-ph/9907423

Flavor Matters but Matter Flavors HENSs

Vacuum Oscillations (NO) Matter Effects (NO), pp - n*/n~ Matter Effects (NO), py » n*
0.0 0.0 0.0

u—damped: (0,1,0)s
n decay: (1,2,0)s
n decay: (1,0,0)s
IC-Gen2 best fit
IC-Gen2 68%
IC-Gen2 99%
A HESE best fit

—— HESE 68%

HESE 95%

0.0 01 02 03 04 05 06 07 08 09 1.0 00 01 02 0.3 04 05 06 07 08 09 1.0 00 01 02 0.3 04 05 0.6 07 08 09 1.0
Ve Ve Ve

BD, Jana, Porto, 2312.17315

Vacuum Oscillations (NO)
n-decay (1/3,2/3,0)s — (0.30,0.37,0.33)4
p~-damped (0,1,0)s — (0.17,0.47,0.36)

iy (1.0.0)5 - (0.55.0.17. 0.28)0 Might be the only way to probe heavily Compton-thick neutrino
Matter Effect (NO), pp production sources with no electromagnetic counterparts.

n-decay (1/3,2/3,0)s — (0.34,0.33,0.33)s

p-damped|  (0,1,0)s — (0.34,0.33,0.33)c Important implications for modeling of cosmic X-ray background,

fi-decay (1,0,0)s - (0.67,0.08,0.2%)q black hole growth and galaxy evolution.
Matter Effect (NO), py production

m-decay (1/3,2/3,0)s — (0.23,0.40,0.37)4
p~-damped (0,1,0)s — (0.50,0.20,0.30)
n-decay (1,0,0)s — (0.67,0.08,0.25)4



https://arxiv.org/abs/2312.17315

GW170817: Another Multi-Messenger Frontier

Figure taken from
Science 372, 7397 (2021)

Gravitational—
waves

=

Gravitational-wave observatory

LIGO Livingston

PRL 119, 161101 (2017)
ApJL 848, L12-13 (2017)
Science 358, 1559 (2017)

Electromagnetic waves

500, . I ooy Y |
400 LIGO VII’gO Fermi/GBM

INTEGRAL/SPI-ACS

counts/s (arb. scale)
normalized F,

400 600 1000
wavelength (nm)

LIGO, Virgo

y-ray

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

X-ray

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

uv

Swift, HST

Optical  —
Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres SkyMapper VISTA, MASTER, Magellan, Subaru, Pan-STAl \
ZAC, TT, Gl

afl
HCT, T. LSGT, T17, Gemini-South, N' RON! ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CH\LES E TOROS,
BOOTES-5, Zadko, iTelescope.Net, AAT, Pi o' (he Sky ASTB 2, ATLAS, Danish Tel, DFN, T80S, EABA

R

REM-ROS2, VISTA, Gemini-South, 2MASS, Spitzer, NTT, GROND, SOAR, NOT, ESO VLT 1(ana1a Telescope, HST

IIIIIU L i

Radio

ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LWA/AfMA OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg
-100 -50 050
_tt; (S)

2000

Abbott et al.




ALP Searches with NS Mergers

1 1
LD 58“&@,@ S

2

Fiorillo, locco,
2109.10364 (PRD)

For small ALP mass

below neV Ny
( ) Fermi-LAT YD‘
Galactic = Fermi

magnetic field

BD, Fortin, Harris, Sinha, Zhang,
2305.01002 (PRL);

Diamond, Fiorillo, Marques-
Tavares, Tamborra, Vitagliano,
2305.10327 (PRL)

Dietrich, Clough, 1909.01278
(PRD); Harris, Fortin, Sinha,
Alford, 2003.09768 (JCAP)

Negligible effect

18



https://arxiv.org/abs/1909.01278
https://arxiv.org/abs/2003.09768
https://arxiv.org/abs/2109.10364
https://arxiv.org/abs/2305.01002
https://arxiv.org/abs/2305.10327

Supernova vs NS Merger: Which is Better?

NS merger can reach slightly
higher core temperature (40-100

< A\ ] MeV vs 30 MeV for SN).
~. 10-10% =s N , ] SN1987A was 1000 times closer

< N R than GW170817.
~ I : \ i Rate of GW-observable NS
10~ : = N : mergers is higher (10-1700/Gpc3

/yr) than that of local, neutrino-
observable SN (~1/50 yr).

10'12§ i Both can give excellent timing
Y Y S T S S T RIS information with early-warning
0.01 0.10 1 10 100 1000 system (AMON/SNEWS).

BD, Fortin, Harris, Sinha, Zhang,
2305.01002 (PRL)

Mg [MeV] 19



https://www.amon.psu.edu/
https://snews2.org/
https://arxiv.org/abs/2305.01002

Conclusions

* An exciting era of Multi-messenger Astronomy. = - AU

* Great for both Astrophysics and Particle Physms

- Multi-messenger probes of (B)SM Physics, e.g.
* Decaying Dark Matter

Resonances (p meson, new scalars/vectors)
New Matter Effects

Nature of Neutrino Mass
Light Mediators (ALPs, dark photons, Z',...)

* New windows of opportunity into the BSM world.




