The future of dark matter
searches at neutrino telescopes

International Conference on High Energy M. Rameez

| o
\\ Particle & Astroparticle Physics (ICHEPAP2023)
I Saha Institute of Nuclear Physics 13th December 2023




The DM candidates
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Weakly Interacting Massive Particles

Dark Matter as a thermal relic of the Early universe.

WIMP Miracle

o Stable WIMPS present in various theories
o Neutralino in SUSY theories

o Kaluza Klein photons.

(Boltzmann equation of the early universe \ u:;:
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Dark Matter Detection

Indirect detection
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Collider searches

ATLAS, CMS ....
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Indirect Searches — The Targets

The Galactic Centre

Well understood/low astrophysical backgrounds

Also regions of high dark matter Density Dwarf Spheroidal Galaxies

Search for:
Point-like excess of neutrinos (the Sun)

The Sun,

Extended emission (Galactic Centre)
(and also Earth

Multipole expansion (Galactic Halo)
Stacking searches (Galaxy clusters and Dwarf Spheroidals)

Zenith dependent upgoing excess (Earth)

Nearby Galaxy Clusters
The Galactic Halo
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Detector Coe
L B e

T E_m, d1dQ—

Neutrino Flux at the detector, within a solid angle Q depends on: ] = jj p? (1, Q)dldQ

. . . .. dN . :
* The neutrino yield per annihilation —= - (from particle physics)
o . aE . _ For annihilating DM
* The annihilation cross section of DM, averaged over its velocity

distribution (04,,,V) - (to be measured)
* The line integral of the DM density p? along the line of sight,
], - (from astrophysics)

D= ﬁ o (1,Q)dldQ
In practice also account for neutrino oscillations over long

baselines — flux predictions are made using MC codes such as For decaying DM
WimpSim, PPPC4DMnu -
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DM distributions and J factors

Angle from the GC [degrees]
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DM Capture and Annihilation in the Sun

Pca.pt e

DM S catterin g
number
density

Section

Spin Dependent scattering
Only the hydrogen in the Sun contributes
significantly.
Lower event rates in direct detection
experiments
More interesting for IceCube

Spin Independent scattering
Heavier nuclei contribute more due to
o« A% enhancement.

Better sensitivity using direct detection
experiments such as LUX, XENON etc

Number density
of element i ->
Solar Model

Equilibrium mep = “c.
[ ]

The secondary annihilation products can interact in the dense
baryonic environment inside the Sun

Neutrinos are the only messengers that can get out
GeV neutrinos from the Sun- Smoking gun for DM

Sun opaque to neutrinos above ~1 TeV (Exercise)



Neutrino fluxes from DM

10720 : - : -
| =~ © T 7T 5hGevDMinthes |
26 || e 7 L _ e In the Sun 1 _ o
1077 ¢ bb Vi : e ‘Hard’ channel :t7 7=, W W~ vv
(| = g9 = Ve , , o j . : :
i WimpSim prediction - Produces many neutrinos at energies close to
e T T T T T | DM mass.
I§ 10-28 e 1 * ‘Soft’ channel: gg, bb
S sz ] * Produces neutrinos at lower energies
| ‘
107 mm === ]
8
§ 10— 1
= _ v — nucleon cross sections (and hence effective
= 073 . areas of the detectors) also increase with energy,
, compounding the effect
10—32 i 1
10-33 | . |
10~2 10~ 10"
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Indirect Searches with v - The instruments
lceCube/DeepCore ANTARES Super-K Baksan

Depth: 850 hg/cm?

17x17x11 m3

Tank size:
70x70x30 cm?

E,-range Instrumented o) (°)atE,

(GeV) volume (ton) 25/100/1000 GeV
IceCube 2 10" ~1 Gton 13/3.2/1.3
ANTARES 210 ~20 Mton 6/3.5/1.6
Super-K >0.1 ~50kton 1-1.4%
Baksan > 1# ~3 kton 1.5% (tracks > 7 m)

* Values are given at muon level (E,); © dominated by kinematic scattering angle.
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Future instruments

Hyper-Kamiokande detector in Japan; JUNO detector in China;

total detector mass = 258 kton (currently under total detector mass = 20 kton (expected
construction) to take data from 2024)

water Cherenkov detector liquid scintillator detector axiv: 210311939

Hyper-Kamiokande website

D35. 4m

Other planned neutrino detectors (DUNE, KM3NeT,
IceCube Gen-2, and others) are also important
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The backgrounds

Example : IceCube
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Indirect Searches with vs- Improvements in Analysis methods

A few years back
e Count number of events from the

direction of the target
* Compare against off source

FC UPMU PC

e — S—
| —— 7 |y
D1
'@ IR
,’::::::: ,’---—
—— P —

Better event selections improved acceptance
of ~¥3 GeV neutrinos by factor of ~50

Now:

* Different event topology selections for different energies
e Use vetos to reject muon background better
* Energy proxies to resolve spectral features

* Use both v, and v, signal events

* Unbinned methods

e Better handle on systematics.

HESE

low-energy

HEN

Ve
lceCube/DeepCore:
e \eto techniques make Galactic

Centre searches possible

In the last ~10 years,
sensitivities have improved by
more than order of magnitude
in most searches

No signal yet.
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Constraints on (g,,,, V)
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Constraints on (0., V)

In general, constraints on (g,,,, V) from y ray
searches are more powerful than the v
constraints.

A comparable number of v and y are produced

per DM annihilation but y-rays are much easier
to detect.

v searches have lower astrophysical uncertainties
and foregrounds
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Monochromatic Neutrino Lines

Danninger, ANTARES 2016 (vv)
(*Preliminary*)

_' .~ 1 III'

XX — Vv, aneutrino line at the DM mass. Neutrino 2016 JCAP 05 (2016) 050

lll T T 7 LI

However, y-rays are also produced, through Ewk FSR

le-22¢

X v X

Recent Antares analysis might have better
constraints le-24

Only v telescopes can really identify a v line
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Constraints on g, _p

10°3¢ . - - ey 10° Hard
wem |ceCube (2011-2014)
' ' wee Super-K (1996-2012)
For spin dependent sca:c)ter_ing, where e Aare (20072012 &
O-X_N X SX' SN 10-37 - o s~‘ ‘c““. ::.: 1107
2\ . : $
Constraints from searches looking for GeV U rwa . T ¢
neutrinos from the Sun are the most o'g 10738 LN s {107
stringent. IceCube above ~80 GeV, and O W _
S \ Fel
SuperK below. a SDTTS SR TR Y S Pl =
P 2l 1039} L LT o /o {10?
S ‘ e
Constraints derived by assuming: 10| s ;e 110+
equilibrium . AT ) 7 ey
Maxvellian velocity distribution pMSSM é NI DI SRl — 5
i | A 4 1 wew- |, .
local DM density of 0.3 GeV/cm3 107} Scan 2o MW 100
- = i Soft
10! 102 10° 10

pPMSSM models colour coded by hardness of predicted
neutrino spectrum
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DD experiments have more Constraints on o
stringent constraints for Spin X—P

Independent scattering: 107 . ! . 10
.~ === |ceCube (2011-2014)
9 L win - Super-K (1996-2012)

Oy_n XA 1040} ‘. == Antares (2007-2012) {10*

Target nuclei are large, in XENON,
Argon etc.

These limits are derived assuming
the interaction is isoscalar, DM
interacts equally strongly with
neutrons and protons.

p [em?]
[pb]

SI
x_.

o

Neutrino telescope constraints
are more robust against Isospin
violation than DD constraints

Phys. Rev. D 84, 031301(R) 10* 10 10° 10°*

Apart from SD and SI, velocity and momentum suppressed interactions possible at the NR limit. JCAP 1504 (2015) no.04,
052
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Astrophysical Uncertainties

There are uncertainties on:

* The velocity of the Sun w.r.t the halo = 12
-— SMH
o 2.2 ;— — vsuni200kmls, vrmsi270kmls N SMH + dark disc(p, / p,, = 0.25) .
N F  emmm- v = m/s, v, = m/s |
7,2 | T Venajskmevmoazonms oot SMH + dark disc(pg/ py=1) | DD eXperiments
Ele | —= YinoEegimE Vs gekys _ S | are sensitive to
sS4 B 0.008 |- DM velocity distribution functions |/ the high velocity
12 - i
[ &b ] 1 E_ i’ N tail
o8 E e e 0.006 |-
o.6 F e TTee—— I
0.4 :_ aanal PRI | M AT | MR | B
1 10 102 10° 10° o.004 = .
WIMP mass[GeV] - |__Solar capture is
. . . _ 0.002 | more likely for
* The fraction of DM in a co-rotating dark disk i slower particles
* The galactic escape velocity o e R R T S S
. 1.05 = o 100 200 300 400 500 600 700 800
& 1.04 = V_..=498km/s u[km/s]
: 1.03 ;— Vaogc=°°
§ 1.02 E
= 1 -O] 3 K Choi et al. JCAPO5 (2014) 049
S 099 F
S 298 The uncertainties are 20% (50%) at low (high) WIMP masses.
0.96 E-
0_95 S EEETIT R EETTT S E T B RN T . . .
1 10 102 102 10°% Conservative w.r.t. the dark disk fraction.

WIMP mass[GeV]
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All’'s not well with the SMH

5 B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 |
i SDSS-Gaia DR2 2 Necib, Lisanti and Belokurov 1807.02519
- Heliocentric |v| A
4 - - |Z coord| < 2.5 kpc
0 Ao <4.0 kpe - 4 kpc sphere around the Sun
{ = -
= 3 ]
= [ i
= T - “the debris from the youngest mergers may be in
= 2 - position and velocity substructure. Referred to as
S - tidal streams, these cold phase-space features tend
L to trace fragments of a progenitor’s orbit (Zemp et
- al. 2009; Vo- gelsberger et al. 2009; Diemand et al.
- 2008; Kuhlen et al. 2010; Maciejewski et al. 2011;
0 Vogelsberger & White 2011; Elahi et al. 2011).”
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[v] [km/s]
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Celestial Bodies Velocity Distribution

Heavy dark matter particles can only be captured at low velocities

Figure from https://arxiv.org/pdf/1308.1703.pdf

SHM Standard Halo Model =

Vo = 235 km/s Maxwellian y I b
I matched 5 axwelllan with Vesc
to peak
_ 3 - — — SHM 14

Dark Shards: velocity i
substructure from Gaia
and direct searches for

dark matter
[arXiv:1909.04684v1]
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Indirect detection v fan/s Direct detection

Copenhagen -2015


https://arxiv.org/pdf/1308.1703.pdf

Velocity Independent PICO and lceCube

Limits assuming the
superposition of

streams with fixed _
velocity. 5
Only the velocity £
stream with the 3
highest allowed .
scattering Cross- s
section Is selected: gt

Conservative

limits

Copenhagen -2015
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Secluded Dark matter

Limits
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Constraints on g, _p from Earth DM searches
PhD thesis: J.Kunnen (VUB Oct.2015)

° 1 1 .
Just like in the Sun, DM can be also captured in the Earth 1086 _IEarth xx oW W orrt
-37
o . . . ] 10 — ANTARES (5 years) Earth : yx =W W~ or7" 7
e Capture Annihilation equilibrium unlikely — Earth is too light e
1078} — IC8—I-IIISun : x\x =W W or7' 7
_ . _ — LUX 2013
* Signal : Vertically upgoing v excess. 109! —  SuperCDMS—LT
* No off source region. Background estimation is challenging 10| Earth—limit calculated
assuming (o,v) = 3 x107% (cm® s7!)
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Complementarity - EFTs

Name Operator Dimension|SI/SD 1073 . '
D1 %’ggxqq 7 SI —— 1C86 1019 days livetime bb-Channel

img — _ ---- ATLAS 2013 Monojet search (D8
D2 XY Xdq 7 N/A 1) (D8)

_ 10% Bk -~~~ CMS 2014 Monojet search (D8)

img —  —_ 5§ |
D3 XXV G 7 N/A me Q. k% =0.1199 (Planck 2013)
D4 XY XY q 7 N/A

_ _ 10°° ,,
D5 A2 XV X Vnq 6 SI L
D6 | =XV XqVua 6 N/A S PP
DT | XX 6 | N/A g w°f
D8 | &X Y xqvu q 6 SD ~
D9 L oM XGoud 6 SD 07| Mz?uorana Fermion WIMR Universal C to quarks,
T - Axial Vector Interactions
D10 | {=Xo"Y°Xq0q 6 N/A
OXh = X7 ° x4 " q
D11 2 XXGH Gy 7 SI . AA iz )
1078 |
s =D v .
D12 | X XGH G 7 N/A J. Blumenthal et al Phys. Rev. D 91, 035002 (2015) — IceCube line
D13 & XXGH* G 7 N/A updated to 3 years by me
- -9 . . .
D14 | L5xv°xGM G 7 N/A 10,00 107 102 10° 10*
m, [GeV]
f(n) (n)
I A n
EFT £=Lsu+ ) 770"
n>4
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Complementarity — UV complete consistent theory

SU@B) SU@2) Uy U)s-r Uy
Vi
i 1 2 -1 -1 —Lcosf —sind
(éié)c 1 1 1 +1 cos + sin 6
uiL 3 2 5 +% %COSG—I— %Sinﬁ
dr,
(u’k)c 3 —% —% —%cosﬁ—%sinﬁ
( jé)c 3 1 % —% %cos@—%sinﬁ
¢+
D= 1 2 % 0 %COSG

Table 1. Charges of the SM matter content under the gauge symmetries of the SM and the gauge
U(1)" with the generator (2.3). ¢ stands for the family index.

Jacques, Katz, Morgante, Racco, MR and Riotto JHEP 10 (2016) 071
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Figure 8. Bound on A = my/ /(9z/,/gy) from direct detection, LHC’s monojet analysis, IceCube
and Fermi-LAT, for different values of 6.
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The IceCube astrophysical flux

HH  Data Neutrino Astronomy achievements
Astro.

Bl Atmo. Conv.

101 = El Atmo. Muons
: Identification of the first TeV and extragalactic

source of neutrinos with the help of realtime

] alerts — TXS0506+056

Science 361 (2018) 6398, 147-151

Science 361 (2018) 6398, eaat1378

104 |

Events per 2635 days

Evidence for neutrino emission from nearby
active galaxy NGC1068
Science 378 (2022) 6619, 538-543

101 e ——
10% 10° 109 107

Deposited Energy [GeV]
Phys.Rev.D 104 (2021) 022002
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Neutrino-Dark Matter Scattering

° Astrophysical neutrinos assumed to be extra-Galactic:
- |sotropic distribution of arrival directions.
v MUt ° Scattering of high energy cosmic neutrinos on DM:
- Deficit in the direction of Galactic Center

\Y
A///VV ® Two simplified models tested:

- T— v Fermion—vector Scalar—Fermion
\ (S, S¢) = (1/2,1) (5,,5¢) = (0,1/2)
Y
v W e
vV N w
“ 9 g
.).(.-...-- N
X
)/;v\\( g X

Copenhagen -2015



Neutrino-Dark Matter Scattering

Scalar—Fermion Fermion—vector

<Dominated ominated
by Cosmology by IceCube — |

IcéCl.lb.e.P.’.réllimin.arsr -

108 106 104 102 - 103 102 101 10°
m, /GeV m, /GeV

TYuan doi:10.5281/zenodo.1300506

Copenhagen -2015



Observation of high-
energy neutrinos from
the Galactic plane
Science 380 (2023)
6652, adc9818

Declination 8

Key assumption going into the previous Right Ascension @

constraints is wrong _

00 05 10 15 20 25 30 35 490
Pre-trial =gnificance / o
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Is there really any actual evidence for Dark Matter?

We know DM exists from:

o @ravitational Lensing

lllllllllllllll

Circular Logic

W
o]

See essay by Jenny

Wagner (The
cosmological Cheshire
cat)

Multipole moment, ¢
2 10 50 500 1000 1500 2000 2500
6000
5000
4000
3000
2000

1000 2

Temperature fluctuations [ /¢ K? 1

51.25 Mpcih

- Precision Cosmology (In Crisis)
© Hubble tension
> Cosmic Dipole Anomaly Astrophys.J.Lett. 908 (2021) 2, L51
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The Future of v searches for DM

Searches from Galactic center, halo, dwarf spheroidals, galaxy clusters etc

e - PRD 92, 123515 (2015)
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Neutrinos are the best at high energies: prospects for ARCA and IceCube Gen2
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WIMP Mass = 100.0GeV, 7' r
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Neutrinos-ﬁ-e-gas.Dark Matter?

e Already detected
* They have mass

e Ym, < 0.23 eV from the CMB
e Electrically neutral

* Not enough of them
e QO,h%? ~ (m,/93eV) ~2.5x1073 « 0.12
* Number of neutrinos in the Galactic Halo is limited:
e Pauli’s exclusion principle
* Neutrinos would make ‘hot” dark matter.
Eyin >~ m,, (relativistic)
* Incompatible with structure formation

Neutrinos
Q=1

CfA redshift

survey A .
¥ Davis, Efstathiou,

Frenk & White ‘85

Light neutrinos not abundant enough to be the

dominant component of Dark Matter Heavy sterile neutrinos could be DM
candidates
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The IceCube astrophysical flux : from PeV Dark Matter ® decaying to Fermionic DM y

A. Bhattacharya et al. JCAP 1503 (2015)

¥ interacts with '__'__ 1C E2 best-fit
nuclel inside 008 —— Sub-PeV best-fit
IceCube - F ¢ k
signature similar Events from Dark Matter
to v induced "
cascade = 105
©
%
Best fitmy = 5.06 PeV
~
g 1
q C
>
Motivated by the fact that there are no events =
between 400 TeV and 1 PeV, and so a fit of only 0.1
events below PeV produces a softer spectrum '
43% of all simulations with IC fitted unbroken 0.01 - —
powerlaw have no events between 400 TeV 10 10
and 1 PeV E [GeV]

More data reguired
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Complementarity
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N == |Z Sl exclusion, 1000 Days e Excluded by LHC only
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Canhill-Rowley et al. 2015, Phys. Rev. D, 91, 055011
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Capture Annihilation Equilibrium in the Sun

10 There’s a threshold o, below which the
equilibrium condition is not a valid assumption
107%} |
1/2 1/2 3/4
-on() ) )
10730 _ To s cm” s 10 GeV
‘E 107%} - Jungman and Kamionkowsky (1996)
O,
C_’g 04 | bb-channel
5 —e— WW-channel
—e— 7r7-Channel 97 *
10 (GAV) — 3x1
o3 (© V) = 2)(10'26 " | Upcoming experiments like CTA have sensitivity
A towards DM (o4 v) below the natural scale even at
high WIMP masses
1075 " 3 4
10 10 10 10
m, [GeV]

Our limits will remain above this threshold for a long time to come
Assuming (o, V)~ natural scale.
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Heavy DM decay

DM — v + y, decaying PeV DM (Gravitino for eg)
v —telescopes are the most sensitive, since 100TeV-PeV y-rays don’t travel beyond ~10s of kPc
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