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The Standard Model and Beyond

We know that new particles exist

Neutrino masses and oscillations

Dark matter

Baryon asymmetry of the Universe

Model ℓ, γ Jets† Emiss
T
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass
Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass
Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass
Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass
HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass
HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass
HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass
LRSM W ′

R → tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass
LRSM W ′

R → tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ

CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass
Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass
VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass
VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass
VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass
VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass
VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass
Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass
Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass
LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass
Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±

L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass
Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass
Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
†Small-radius (large-radius) jets are denoted by the letter j (J).

We dont know what they are

 Seminar at University of Berlin, Germany, June 6, 2014 R. Jacobsson 

 
 
 
 
 
 
 

 
What about solutions to (some) these questions below Fermi scale? 
 
 
 
 
 
 
 
 
 
 
 
 

ÎMust have very weak couplings Î Hidden Sector 
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Energy scale 

Known physics 

Unknown physics 

Energy Frontier 
SUSY, extra dim. 
Composite Higgs 
Î LHC, FHC 

Intensity Frontier 
Hidden Sector 
Î Fixed target facility 
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Why heavy neutral leptons
Heavy neutral lepton = HNL = sterile neutrino = heavy Majorana neutrino
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HNL can explain . . .

. . . neutrino oscillations
Bilenky & Pontecorvo’76; Minkowski’77; Yanagida’79; Gell-Mann et al.’79;

Mohapatra & Senjanovic’80; Schechter & Valle’80

. . . Baryon asymmetry
Fukugita & Yanagida’86; Akhmedov, Smirnov & Rubakov’98; Pilaftsis &

Underwood’04-05; Shaposhnikov+’05–

. . . Dark matter
Dodelson & Widrow’93; Shi & Fuller’99; Dolgov & Hansen’00; Abazajian+;

Asaka, Shaposhnikov, Laine’06 –
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HNL can explain . . .

. . . neutrino oscillations
Bilenky & Pontecorvo’76; Minkowski’77; Yanagida’79; Gell-Mann et al.’79;

Mohapatra & Senjanovic’80; Schechter & Valle’80

. . . Baryon asymmetry
Fukugita & Yanagida’86; Akhmedov, Smirnov & Rubakov’98; Pilaftsis &

Underwood’04-05; Shaposhnikov+’05–

. . . Dark matter
Dodelson & Widrow’93; Shi & Fuller’99; Dolgov & Hansen’00; Abazajian+;

Asaka, Shaposhnikov, Laine’06 –

HNL can explain all of it

Neutrino Minimal Standard Model (νMSM)
Asaka & Shaposhnikov’05 + . . . hundreds of subsequent works

Masses of HNL are of the order of masses of other leptons

Reviews: Boyarsky, Ruchayskiy, Shaposhnikov Ann. Rev. Nucl. Part.
Sci. (2009), [0901.0011]
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HNL interactions

Neutrino-like interactions
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Naive seesaw formula

U2 ∼ matm

M
∼ 10−11 10GeV
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All neutrino experiments would
allow to determine

7 out of 11 parameters (2HNL)
9 out of 18 parameters (3HNL)
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Neutrino masses are too small

If only 1 HNL
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Bottom line

Several HNLs (as neutrino oscillations or BAU suggest) ⇒ U2
α can be orders of

magnitude larger, enabling efficient searches

Seesaw formula determines a bottom line for searches

Several degenerate in mass HNLs will cancel Lepton Number Violating
(LNV) effects – care should be taken when interpreting the results of LNV
searches
Shaposhnikov’06; Karsten & Smirnov’07

Kyrylo Bondarenko HNLs at GeV scale 4 / 14



HNL production from mesons

HNLs are produced from W /Z/Higgs bosons, (semi)leptonic decay of
heavy flavoured mesons or τ

For beam dump experiments the main production channels are production
from kaons, D and B mesons (NA62, DUNE, SHiP)

LHC-based experiment have main sensitivity from the decays of B mesons
(FASER, LHCb, MATHUSLA, etc.) as well as Belle II

Bondarenko+ [1805.08567]
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HNL production from W , . . .

Production from W is the main channel for ATLAS and CMS for displaced
vertex signature

For MN >MZ prompt production and resonance search at LHC
Degrande+ [1602.06957]

Br(W → N + l)
fb→BBr(B → N + X)
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g

FIG. 1: Heavy neutrino production via (a) charge (neutral) current Drell-Yan, (b) gluon fusion, and (c) Wγ fusion.

We guarantee the perturbativity of the VBF process
by factorizing and resumming the t-channel γ into a
DGLAP-evolved parton distribution function (PDF). Us-
ing a γ-PDF, one considers instead, as shown in Fig. 1(c),

q γ → N ℓ± q′. (6)

WZ fusion is subleading and can be neglected [38]. We
regularize Eq. (5) by imposing transverse momentum
(pT ) cuts consistent with Collins-Soper-Sterman (CSS)
pT -resummation [49]. Our Monte Carlo (MC) framework
allows us to compute fully differential Feynman diagrams
up to one loop, and therefore GF at LO and the remain-
ing processes at NLO; only Eq. (1) has been evaluated
before at NLO [50, 51].

At the 14 TeV LHC, the CC DY channel prevails for
N masses mN = 150 − 850 GeV; above this, the VBF
cross section is larger. However, due to the gg luminosity
increase, GF is the leading mechanism at a hypothetical
future 100 TeV Very Large Hadron Collider (VLHC) for
mN = 300 − 1500 GeV; at higher mN , VBF dominates.

We now introduce our theoretical model, computation
procedure, and signal definition prescription. After pre-
senting and discussing results, we conclude.

HEAVY NEUTRINO MODEL

For i (m) = 1, . . . , 3, LH (light) states and j (m′) =
1, . . . , n, right-handed (heavy) states, chiral neutrinos
can be expanded into mass eigenstates by the rotation

(
νLi

N c
Rj

)
=

(
U3×3 V3×n

Xn×3 Yn×n

)(
νm

N c
m′

)
. (7)

After rotating the charged leptons into the mass basis,
which we take to be the identity matrix for simplicity,
U3×3 is the observed light neutrino mixing matrix and
V3×n parameterizes active-heavy mixing. In the notation

of [26], the flavor state νℓ in the mass basis is

νℓ =

3∑

m=1

Uℓmνm +

n∑

m′=1

Vℓm′N c
m′ . (8)

For simplicity, we consider only one heavy mass eigen-
state, labeled by N . This does not affect our conclusions.
The interaction Lagrangian with EW bosons is then

LInt. = − g√
2
W+

µ

τ∑

ℓ=e

3∑

m=1

νm U∗
ℓm γµPLℓ−

− g√
2
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µ
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ℓ=e

N c V ∗
ℓN γµPLℓ−

− g

2 cos θW
Zµ

τ∑

ℓ=e

3∑

m=1

νm U∗
ℓm γµPLνℓ

− g

2 cos θW
Zµ

τ∑

ℓ=e

N c V ∗
ℓN γµPLνℓ

− gmN

2MW
h

τ∑

ℓ=e

N c V ∗
ℓNPLνℓ + H.c. (9)

Precise values of VℓN are model-dependent and are con-
strained by oscillation and collider experiments, tests of
lepton universality, and 0νββ-decay [26–28]. However,
VℓN factorize in N production cross sections such that

σ(pp → N X) = |VNℓ|2 × σ0(pp → N X), (10)

where σ0 is a model-independent “bare” cross section in
which one sets |VNℓ| = 1. Hence, our results are applica-
ble to various heavy neutrino models.

COMPUTATIONAL SETUP

We implement the above Lagrangian with Goldstone
boson couplings in the Feynman gauge into FeynRules
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HNL decay
Bondarenko+ [1805.08567]

Leptonic HNL decays N → `+`−ν – always with MET

Semi-leptonic HNL decays: N → `+ + hadrons or N → ν + hadrons
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Detailed list can be found in [1805.08567]
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Long lived HNLs

HNLs decay through weak
interaction, so its decay width is
suppressed

ΓN ∼ U2G 2
Fm

5
N ∼ U2mN

(
mN

mW

)4

HNLs can travel quite far before
decaying
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Long lived HNLs at beam dump/LHC based experiments

Particles that travel long distance
can be searched at at beam
dump/LHC based experiments

A lot of proposals, very active
community, support from CERN

One of the best sensitivities are
expected from SHiP and
MATHUSLA, but you should be
cautious with what sensitivity
means
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Displaced vertex searches

Previous searches

SHiP

Baryogenesis

LHCb

DVS

DVL

LDVS/DVL = 3000 fb
-1

LLHCb = 300 fb
-1
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[1902.04535]

Displacement btw. few mm and few meters

Mass of HNLs above O(5) GeV to kill combinatorial background

Two or more charged tracks

Low SM background
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HNL search at Belle II

Excluded
LHCb

SHiP

Belle II (1 event)
DVHL-LHC
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Belle II can search for HNLs using decays B → D`N [1908.00376] and
decays of τ leptons [1908.09719]. Its sensitivity turns out to be similar to
HL LHCb

Because of large luminocity and possibility to detect event near interaction
point, Belle II and LHCb are complementary to displace vertex search at
ATLAS/CMS and future beam dump/LHC based experiments

Maximal probed mass could be extended up to 5 GeV if it is possible to use
B±→ `±N or B0→ π±`∓N channels
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If HNL has been detected – what can we say?
Imagine that we found HNL with the mass M and the mixings U2

α

Contribution of 1 HNL to neutrino
masses δm ∼MU2 ⇒ at least 2 HNLs
exist, their contributions to ν masses
cancel each other

If U2 in the allowed BAU region for 2
HNLs ⇒ another HNL exists with the
mass degeneracy ∆M/M .matm

For BAU with 3 HNLs ⇒ U2 anywhere
below current limits

Oscillation data forbid some mixing
patterns for 2 HNLs

Combining oscillation data, searches at
accelerators, and cosmological bounds
leaves limited parameter space of the 2
HNL model, making it fully testable
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HNL dark matter
Boyarsky, Drewes, Lasserre, Mertens, Ruchayskiy ”Sterile neutrino dark matter” [1807.07938]

HNL can be a viable dark matter candidate, if one adds one more HNL

Such DM is light (probably O(keV )), warm(ish) and decaying

DM HNL contributes negligibly to neutrino masses
(Boyarsky+ [hep-ph/0601098])

To explain neutrino masses and dark matter you need at least 3 HNLs

There are several hints of DM detection consistent with keV-scale HNL
dark matter (3.5 keV line & Lyman-α forest)

Future data can:

Confirm or rule out 3.5 keV line as a tentative DM decay signal
Directly probe via gravitational lensing for the presence of dark
substructures thus ruling out either cold or warm dark matter
Probe the history of reionization and therefore disentangle warm dark
matter and thermal effects in Lyman-α data
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Conclusions

Excluded
LHCb

SHiP

Belle II (1 event)
DVHL-LHC
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HNLs naturally come as mechanism of neutrino oscillations

Turns out that the same HNLs can resolve major BSM problems

Searches at LHC and Intensity Frontier experiments (SHiP, FASER, . . . )
and Belle II are complimentary to each other

νMSM shares all the success of the SM while at the same time is a
successful cosmological model
. . . and small parameters become new slightly broken symmetries Boyarsky [0901.0011]
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∆L = 2 and accidental suppression of LNV effects

Processes with |∆L|= 2 are one of the search targets to-date (due to
suppressed Standard Model background)

However, Majorana mass of HNL does not necessarily mean large LNV
effects!

Often smallness of active neutrino masses is tied to the smallness of lepton
number violation (See e.g. Shaposhnikov (2006); Kersten & Smirnov [0705.3221])

Idea:

Introduce 2 Majorana HNLs N1 and N2 with same mass per flavour

Together they form a Dirac particle Ψ = N1 +Nc
2 with the usual Dirac mass MΨ̄Ψ

Neutrino ν couples to N1 only ⇒ this gives one massive state (combination of ν and Nc
2

with the mass M) and one orthogonal massless state

Introduce a small mass-difference ∆M12 – the massless state will pick up mass with
mν ∝ ∆M12

Kyrylo Bondarenko HNLs at GeV scale 2 / 10



HNLs beyond νMSM

HNL varieties

Type-III seesaw [Foot et al. Z. Phys. C44 (1989)]

Inverse seesaw (Mohapatra PRL 56 (1986); Mohapatra & Valle PRD34 (1986))

Radiative seesaw [Pilaftsis Z. Phys. C55 (1992)]

Interactions with new gauge bosons/scalars

Left-right symmetric models [Pati & Salam (1974); Mohapatra & Pati (1975); Mohapatra & Senjanovic (1981)]

HNLs will carry charge w.r.t. U(1)B−L – can be produced via off-shell
B−L boson (couples to protons) See e.g. Mohapatra & Marshak (1980); del Aguila &

Aguilar-Saavedra [0705.4117]; Huitu et al. [0803.2799]; Batell et al. [1604.06099]

Majorana mass of HNL can be generated via coupling with a new singlet
scalar S (Shaposhnikov & Tkachev (2006); Shoemaker et al. (2010))

MN̄cN → fNSN̄
cN

where S develops vev
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It is possible that sterile neutrino DM
was

already discovered twice!
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An unidentified spectral line at ∼ 3.5 keV I
Boyarsky+ (PRL 2014); Bulbul+ (ApJ 2014); Review “Sterile Neutrino Dark Matter ” [1807.07938]

Many detections

Milky way & Andromeda galaxies, Perseus cluster, Draco dSph, distant clusters.
COSMOS & Chandra deep fields

Systematics?
Detection with 4 different
telescopes:

XMM MOS and PN cameras, Chandra, Suzaku,
NuStar

Astronomical line?
Hitomi observation of the Perseus galaxy cluster
ruled out the interpretation as Potassium or any
other narrow atomic line.
Sulphur ion charge exchange? (Gu+ 2015 & 2017;

Shah+ 2016)
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Recent result: Surface brightness profile in the Galaxy
Recent result: Boyarsky, Ruchayskiy et al. [1812.10488]

Surface brightness profile in the Galaxy

Detected with high significance in 5 spatial bins off Galactic Center

Consistent with DM interpretation

Profile different from nearby astronomical lines
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Kyrylo Bondarenko HNLs at GeV scale 6 / 10



Future: X-ray spectrometers I

Short flight of Hitomi demonstrated that
the origin of the line can be quickly
checked with spectrometers

Hitomi replacement – XRISM is scheduled to be launched in 2021

With X-ray spectrometer one can

Check the width of the line (for Perseus cluster the difference in line broadening

between atomic lines (v ∼ 180 km/sec) and DM line (v ∼ 1000 km/sec) is visible)

See the structure (doublets/triplets) of lines (if atomic)

Check exact position of the line (Redshift of the line is Perseus was detected at

2σ with XMM – easily seen by XRISM)

Confirm the presence of the line with known intensity from all the previous
detection targets: Milky Way, M31, Perseus, etc.
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Future: X-ray spectrometers II

Athena+ (2028)

Large X-ray missing – combination of spectrometry and imaging

Era of dark matter astronomy begins
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Lyman-α forest

Neutral hydrogen absorption line at λ = 1215.67Å (Ly-α absorption 1s→ 2p)

Absorption occurs at λ = 1215.67Å in the local reference frame of
hydrogen cloud

Observer sees the forest: λ = (1 + z)1215.67Å
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High-resolution Lyman-α forest
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Warm dark matter predicts

suppression (cut-off) in the flux

power spectrum derived from the

Lyman-α forest data

HIRES flux power spectrum exhibits suppression at small scales

This suppression can be explained equally well by thermal history of the
Universe (unconstrained at these redshifts) or by warm dark matter
[Boyarsky+ [1809.06585]]
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