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Possible dark matter masses

~ 1022 eV What is the dark matter particle mass? ~ 100 Mg
<« >

Important to search the full mass range --- a comprehensive search is
required to understand new physics

See talks by Pradler, Kopp,
We know the dark matter density Redondo

Dark matter "particle” density varies by a large amount in the entire mass
range

Search techniques depend on the mass range considered
I will consider a light mass particle: axion-like particle,a

T will consider some astrophysical techniques to constrain these particles

Other papers: Bar etal. 1805.00122 for connection o rotation curves; Brdar etal. 1705.09455 for
connection to neutrinos
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Axion-like particles (ALPs)

ga, U 1
Lint = 47aF“ F,,=¢gsyoE-B

B Mediates photon - ALP oscillations
ALP 2
J _ . _a_( ) Pa'y X (gcw BT Z)
Oscillation
Courtesy; Hendrik%{gﬁ probability Laboratory searches: large B, small £

PHOTON-AXION/ALP MIXING Astrophysical searches:

IN A COHERENT MAGNETIC FIELD

small B, large ¢
Milky Way: B ~ 1 — 3 uG

0 ¢ < few kpc
i Galaxy clusters: B ~ 1 uG
¢~ 10kpc

0.0

Intergalactic magnetic field:
1020181 (O VAT (L] 2] () 281 O

Meyer Patras 2016 Talk Dl L 7 B < ]- D-G g ~ feW MpC

Ranjan Laha




Gamma-ray opacity

Image credit:
Daniel Lopez/TAC
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7 € + Image credit:
Image credit: Wikipedia
Hendrik Vogel
Gamma-ray bkg -

Y e

astrophysical source
Credit: ESA/Hubble
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Light shining through the Universe

“Light shining through the wall"

N B N 7 N B N _ | Credit: Hendingel
\/\/\/\/\/\/\/\/\//
VAV, \VAVAVAVA\ AVAV/
VAVACEE B e eEVAVAY
%

Extra-galactic background light/ CMB/ ...

The magnetic fields and photon density that can be used: astrophysical source,
source galaxy, host cluster, intergalactic space, Milky Way

Depending on the ALP parameters, the maximum ALP «» photon conversion can
happen for any of these choices
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Opacity of the Universe
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Source redshifts z, at which the optical T R R IR IR
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depth takes fixed value as a function of the E (V)
photon energy E, Mean free path of gamma-ray photons

Maximum absorption at PeV => most efficient search will be carried at around that

energy
Mean free path at ~ PeV energies # 10 kpc. Extfragalactic sources are at distances

Mpc or much greater => a sighal of ALP at these energies cannot be mimicked by
GST r'OthS iCS Ranjan Laha



Existing searches with gamma-rays

log(vf,)

(a) Search for spectral features: (b) Search for anomalous fransparency:

PSRJ2021+3651 10° 1

x w ALPs=10.07 EXC@SS phofons Galanti and Roncadelli

N X’ w/o ALPs=51.25 10" 1805.12055 1

L : from a source |
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Oscillations in the photon spectrum of
astrophysical objects

. . -10

No conclusive evidence of spectral 10 -
distortion due to ALPs has been found _ / (| s
See also Wouters and Brun, Liang etal., Xia etal., Malyshev 7 10! Fermi LAT L
etal., Fermi-LAT, H.E.S.S., and many others > NGC 1275 | [AXOE
5 h f ) 8 Fermi LAT § -
(c) Search from a supernova: SRR 101/ SN @ GC : i
Strong limits from SN 1987A S N
) -13 - S
NeXT GG'GCTIC SLI ernova hOldS PZGT 10 TeV transparency QQ =
9 S/E
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See also Payez etal., Brockway etal., Grifols etal., Meyer etal.,

and many others Phys.Rev.Lett. 118 (2017) no.1, 011103 TTlq (eV)
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Many different ways to search for ALPs in astrophysical systems

Can we make progress in the unconstrained regions?

Can we devise a new search strategy? Can we search for ALPs in the energy range
where photons are maximally absorbed?
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Motivation from IceCube:
a hew source of high-energy photons
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IceCube neutrino telescope
designed to detect astrophysical neutrinos

Gigaton effective volume 40-strings (2008-2009)

ne?.l’rr'i no detector at kel 23 srings (20072008
ey e

SOUTh POIC som ’. /°1§::Tw'0%wmd:no:tatmu

5160 Digital Optical 86% f Strings (2010201 1) 324 optca sensors

Modules distributed over  (since May 2011)  59-strings (2009-2010)

86 strings lceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86
Etnhr~ 100 GeV

Completed in Dec 2010;
data in full configuration
from May 2011

Data acquired during
construction phase is
analyzed

1450 m

480 oplical sensors

Ethr~ 10 GeV
Neutrino detected 2450 m
through Cherenkov light 2s20m
emission from charged
particles produced due to
neutrino CC/NC

intferactions .

V l‘,' Credit: Carsten Rott

-

- - -
= T ——

strings

DeepCore
/8 strings-spacing optimized for lower energies



TceCube data

[Southern Sky (downgoing)]

[Northern Sky (upgoing)]

102

B Background Atmospheric Muon Flux
[ Bkg. Atmospheric Neutrinos (/K)
Background Uncertainties
- Atmospheric Neutrinos (90% CL Charm Limit)
- Bkg.+Signal Best-Fit 1-Component Astrophysical (£ *%)
= « Bkg.+Signal Best-Fit 2-Component Astrophysical
ee®e Data

IceCube Preliminary

10!
-1.0

Events per 2078 Days with deposited E > 60 TeV

10° 4,_1'_'_

-0.5

i

]

s
b
[
<
(=2}

°8

2

@, . [GeVem

Courtesy: IceCube

0.0 0.5 1.0

sin(Declination)

Diffuse and isotropic spectrum of neutrinos

Time-independent

Horiuchi

See the talks by Kopper,
, and Coniglione

Atmospheric Fluxes (reduced by self-veto in analysis)
Prompt Upper LimRle +5 ) [1.04x ERS)

w  Convertional ( v, | (zengh-averaged) [1.07x Monda2006)

Astrophysical Fluxes
(on top of atmospheric)

ee e HESE Differential
v, Best Fit

mmm HESE 1-Component (£ *")

IceCube Preliminary

10° 10°

Neutrino Energy [GeV]

Latest update in the Neutrino
2018 conference

Strong evidence of these
heutrinos being extra-

galactic

Clear evidence of the astrophysical nature of these neutrinos

Recently there has been a detection of a high-energy astrophysical neutrino source
TXS 0506+056 (IceCube 1807.08794 and 1807.08816) (see Laha 1807.05621 for exotic physics

constraints)
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Photons corr'esponding to IceCube excess

neutrinos produced in as‘rrophysucal sources
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IceCube excess neutrinos imply a guaranteed

high energy gamma-ray background

Can one use these photons to do physics?

p+p—.. R i Sy Ry

We use these photons for the first time to

search for new physics
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ALPs help us observe these very high-energy

gamma-rays
ON - OFF search technique:

v in the presence of ALPs, we will observe these

photons
VHE photons get X otherwise we will not observe these photons
attenuated in space

High energy
astrophysical source

be

Photon converted
to ALP in the

magnetic field of
the source galaxy

ALP propagates free]?‘ .
in space X

Milky Way
Our proposal is sensitive to the energy range where

photons are maximally attenuated ‘4":} @

Our technique is sensitive to a new ALP parameter space

Present and near-future gamma-ray instruments like ALP converfed
back to photon in

HAWC, CTA, LHAASO can detect these photons and the magnetic field
put a hew bound on the ALP parameter space of the Milky Way

Ranjan Laha



Methodology
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Astrophysical neutrino spectrum

T—' IceCube ICRC2017 _.... —16.(_E 248
Rz = NiZdzr‘f\ausen etal. Pl i) o
1076 g 3
o NN 4 differential model
S - \“T IceCube preliminary
> T
31077 -
g - —e—
TL])
1675
10—9 At
10° 104 10° 10° 10’
E,[GeV]
p—l—v%n—l—ﬂjL%V—l—... -
0 % 10°
p+vy—=p+nm — 77+ .. T
IceCube ICRC2017 T }
Efy ~ 2 EV Nﬁier‘ﬁausen etal. § 107
. S
2 photons for 3 neutrinos 5
l.e.?

Many models which reproduce the
spectrum of these neutrinos

We use two different fits to the
- astrophysical neutrino spectrum

¢(EV) X

b,
4 Ey

=" Neutrino
energy

DO | —

2 . EV 2a
Ey

Eb (TeV) 8%

Niederhausen etal.

12 2.48

Kopper etal.

40 2.92

Atmospheric Fluxes (reduced by self-veto in analysis)

Prompt Upper Limit(y, +7,) [1.04x ERS]

= Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006]

Astrophysical Fluxes
(on top of atmospheric)

:‘ . IceCube ICRC2017

oo L R ,,,,,,,,,,,,,,,,,,,,,

e ¢ HESE Differential
v, Best Fit

B HESE 1-Component (E~29)
IceCube:Preliminary

Neutrino Energy [GeV]



Count

10

Astrophysical parameters

There are various models (~ 100+) in the literature which postulate the
astrophysical sources producing the IceCube observations

Astrophysical parameters (like magnetic field, photon density, plasma
density) vary between them

We try to follow a model-independent and conservative approach where
we only take the magnetic field of the galaxy in which the neutrino
source is embedded

Total magnetic field : Regular magnetic field

....... 0 Y ¥ y
Fletcher 11042427 Typical values for the total and regular

equipartition magnetic field strengths for 21
galaxies

We use the variations B| = 3,5, and 10 uG at
_ . zero redshift

. { ; Coherence length at zero redshift = 1 kpc
) .

0 5 10 15 20 25 30 35 40 0 5 10 15 20
B, uG] B \uG|
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Astrophysical parameters

Schober etal., 1603.02693

log(B [G])

_{B(z, ps) :ﬂBO n(z)l/G (?‘* H(z ))1/3

local magnetic field
star formation rate

.\ 1/1.4

D+

n(z, px) = no (1 +2)°7% | =
Px,0

particle densn‘y

-1 Schober etal., 1404.2578
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High-energy gamma-ray production in the Milky Way

Ii:.I:, [GeVem 2 s ! sr

The photons that we are concerned with have an energy > 20 TeV

An important source of photons at these ener'gles is cosmic-ray interaction with the

interstellar medium p 4+ p — ... + ) ~y
PhoTons at these energies have not been

SUPCMOND remnamis ( F
= hypernova remnants ( b
diffuse cosmic rays (|
HISCORE (Syrs, |b
LHAASO (lyr, |b] < 27)

HAWC (3yrs, |b] < 27)

CTA(100%, || < 2)
HEGRA (b S, f 288
kel HEGRA (|b] < 57,200 < | <« 60

UMC (|& 107, 30 [ <2N°)
o ICH(N(-10" <b< 5,280 <] <3W)
g EASTOP (6] < §°, 1 ¢ 407 11 1347208
Tibet (0] < 2°, 20" < | < 557)
* Tibet (|b] < 2°, 180 < [ < 2257)
CASAMIA (b <5, S0 { < 200r)
Milagro ([b] < 5%, 40° < | < 1007)
X Milagro (6] < 2°, 1 € (30", 657 (|65°.85" )
t Milagro (|b] < 2°, 1 € |85°, 1107]{ | 136°,216

Ahlers and Murase 1309.4077 ‘

10" 10!

10

E,[TeV]

detected

ALPs can induce spectral distortions in this

gamma-ray spectrum

These photons are strongly correlated with the

Galactic plane

Fermi-LAT 1702.00476

Galactic plané in 10 GeV - 2 TeV



Gamma-ray detectors (HAWC)

Gamma-rays and
cosmic-rays
between

100 GeV and
100 TeV

Angular
resolution varies
from ~ 0.29 1o
20

Above 10 TeV

the energy
resolution is
below 50%

Reject > 99% of
cosmic-ray
showers at
energies above

roughly 3 TeV

hawc-observatory.org

DuVernois "HAWC and HAWC-South: TeV all-sky gamma-ray experiments for the Northern and Southern hemispheres”

fvv d Mapping the Northern Sky in High-Energy Gamma Rays

Ititude Water Cherenkoy
Gamma-Ray Observatory

Water Cherenkov tank

HAWC comprises an array of 300 tanks that record the
bservatory particles createcj in gamma-ray and cosmic-ray showers.

|

| airshower
particle

200,000L of '\

purified water '\

Cherenkov {

. ight photomultiplier
— 73m tube (PMT)

Particles inside the shower produce /
Cherenkov radiation that is detected  /
by the PMTs. /

(Gamma rays vs cosmic rays

HAWC selects gamma rays from among a much more
abundant background of cosmic rays.

gamma-ray shower cosmic-ray shower

HAWC is Ioeted at4,100 m
above sea level, covering
an area of 20,000 m?.

“hot" spots concentrate "hot” spots are more
around the core dispersed

Ranjan Laha



Gamma-ray detectors (LHAASO)

The Large High Altitude Air Shower Observatory (LHAASO) project
All-sky instrument
Detect cosmic Rays and Gamma-Rays in the wide energy range ~10' eV - 107 eV

Uses different detection techniques:

(1) LHAASO-KM2A: 1 km? array of 5635 scintillator detectors for
electromagnetic particle detection

(2) LHAASO-MD: 1 km? array of underground water Cherenkov tanks for muon
detection

(3) LHAASO-WCDA: Surface water Cherenkov detector facility ~90000 m?

(4) LHAASO-WFCTA: 24 wide field-of-view air Cherenkov and fluorescence
telescopes

Sciascio "The LHAASO project: a new generation cosmic-ray experiment”

Ranjan Laha



Signal morphology

Vogel, Laha, and Meyer
1712.01839

180° —180°

Galactic

—90°

The incident ALP flux is isotropic and homogenous

Due to the Galactic magnetic field, the signal on Earth is highly anisotropic: "ALP
bubble” for Jansson & Farrar magnetic field

Useful for signal v/s background discrimination

Ranjan Laha
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Results

LHAASO and HAWC will probe new
parameter space

10—10

These are the farthest sources of
high-energy photons that we know

Very difficult to mimic these
Ll 1| photons by astrophysical spectrum
10710 107° 1078 1077 10°° 10 104 modifica’rions

’
”
¢ [70]
Q
o
o
(3]
@
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—
<
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10—12
10—10

Astrophysical uncertainties will
decrease in the near future

D e ey e

New physics result with these
guaranteed photon sources

Haloscopes

QQ\ m HAWC (10 yrs.)

3 m LHAASO (10 yrs.) P 1] b
> romisin robe
10-12 llll | | ||||||| | |Y|y|||||| | | ||||||| | | ||||||| | | ||||||| | 9 p

10-10 107° 1078 1077 107 107 10*  Vogel, Laha, and Meyer
m, [GV] 1712.01839
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Conclusions

Searching for axion-like particles is one of the
major frontiers of physics

Many of the well motivated parameter space can be
probed by astrophysical systems

We show that searching for the very high-energy
photon flux corresponding to the IceCube neutrinos
will probe new ALP parameter space

This is a new search technique in ALP physics

Questions and comments:
ranjalah@uni-mainz.de
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Puzzling questions about the high
energy astrophysical universe
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Leptonic:€ + 7y €+ T Cosmic rays observed over a huge
Hadronic: P + D — 0 — Y+ y energy range

p+p—=7/K+..—=V/V  Neutrinos are inevitably produced in
cosmic ray interactions

The key difference are the neutrinos
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