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Key ideas from last lecture
v’ Direct detection: three layers of EFT

v Almost hitting the neutrino floor, strongly constraining models
v’ Indirect detection: very indirect, pretty indirect, not-so indirect

v’ Charged cosmic rays: diffusion vs energy loss time scales good
approximation to diffusion equation

v’ Positron anomaly: estimate of point source age, distance; case
for dark matter very weak...

v Neutrinos from the Sun: background-free, capture vs annihilation
time scales



What is left on the menu

v’ Gamma-ray Galactic Center Excess and Diffuse Emission Models

v’ Collider searches for Dark Matter

v’ Axions and axion searches

v’ Sterile neutrinos and the 3.5 keV line puzzle

v’ Bestiarium of other dark matter candidates



After early reports (primarily by Hooper et al) Galactic Center
Excess reported independently, and with a variety of
different assumptions for background etc, by
Daylan et al (Harvard+MIT+Fermilab); Abazijian et al (UCIl);
Macias and Gordon (NZ)




What produces the Galactic Center excess?

Fitting the excess with
Dark Matter Annihilation not problematic

v' Morphology ~OK

v’ Spectrum ~OK

v Constraints from dSph, radio, CMB
~sort of OK



What produces the Galactic Center excess?

Most obvious astrophysical counterpart
(unresolved pulsars) does not work

v' Morphology NOT OK
v' Spectrum NOT OK
v' Not enough!



What produces the Galactic Center excess?

WRONG QUESTION!

Rather: is the excess indeed there?

Are models of diffuse emission
adequate to current data?



Ingredients of diffuse emission

Pr_lma.rv Source CR Transport Gamma-Ray Generation
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W NPE

All groups that find an excess assume:

2-D Gas Density Distribution

2-D Cosmic-Ray Propagation

Steady State

Simplistic Cosmic-ray source distribution

Every assumption costs a systematic effect
of the same order as the excess (~ few %)!



Towards the next generation
of diffuse gamma-ray models

3-D Gas Density Distribution
3-D Cosmic-Ray Propagation

Cosmic Ray Bursts/Transients

W DN F

Physically motivated Cosmic-ray

source distributions

* Carlson, Linden, Profumo 1510.04698 (Phys.Rev.Lett.), 1603.06584



1. 3-D Gas Density Distribution

H2 column density

- Preliminary
15 T T T ™ T
E,=1.0 GeV
10 E 4
qE s
0k |
‘ -
R - —
—10
Brems. PEB+NS
—-15 1 | 1 | 1
15 10 ) 0 -5 =10 —15

~3-10% effect

|

|

1

* Carlson, Linden, Profumo 1510.04698 (Phys.Rev.Lett.), 1603.06584



2. 3-D Cosmic-Ray Propagation
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3. Steady State
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4. Physically motivated, 3D Cosmic Ray

source distributions

* Carlson, Linden, Profumo 1510.04698 (Phys.Rev.Lett.), 1603.06584



4. Physically motivated, 3D Cosmic Ray
source distributions
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Good to push the (theory) envelope.

But do you get a better or worse fit to data?




Good to push the (theory) envelope.
But do you get a better or worse fit to data?
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What do these improved models imply
for the Galactic Center “Excess”?
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* Carlson, Linden, Profumo 1510.04698 (Phys.Rev.Lett.), 1603.06584



What do these improved models imply
for the Galactic Center “Excess”?
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We are making significant progress
towards understanding Galactic gamma rays

Cosmic-Ray injection and 3D models are key!

Discrimination between

unresolved point sources ¢ £

and diffuse emission™™  © '
also highly dependenton  ~ | b
emission model! ERIREE)

* Bartels et al, 2016, PRL 116 051102, ** Lee et al, 2016, PRL 116 051103



| remain skeptic about establishing
a conclusive Dark Matter
detection signal from the Galactic Center

Is DM detection with gamma rays
possible at all? Yes.



A monochromatic gamma-ray line
with a diffuse morphology
has no astrophysical counterparts®

*Carlson, Linden, Profumo, JCAP 2013
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Unfortunately, the 130 GeV line was a
statistical fluke
(sometimes happens to di-photon excesses...)

* too narrow right off the bat
e significance did not increase with time
 Pass 8 does not see any line

* Weniger 2012



direct detection

collider production

X f

—_>
thermal equilibrium ?

[pair annihilation]



DM particles can be produced at colliders, but at very low rates
compared to Galactic DM fluxes... (see problem on next slide)

q
|dea: look for anomalous events with
X missing energy and SM particles
(e.g. monojets, monophotons, etc)
q X

monojet +MET



Exercise We want to compare the Galactic dark matter flux at Earth with the
flux of dark matter that might be expected from collider production.

Assume ppyi(rg) = 0.3 GeV/em®, v = 220 km/s. Assume that an LHC detector
has an instantaneous luminosity £ = 5 x 10®3 cm~2s~ 1.

(i) Get an expression for the flux of dark matter particles produced at the LHC
detector under consideration at a distance R, assuming isotropic production
(discuss how realistic this assumption is), as a function of the total dark matter
pair-production cross section ouc = o(pp — xx + anything).

(ii) Assume m, = 100 GeV, and a weak-interaction cross section opuc = G%mi.
Compare the flux from LHC production at R = 10 m with the Galactic flux.

(iii) For which opuc are the two fluxes comparable?




Two possible approaches:

(i) top-down: pick a model, select best search strategies,
optimize cuts, scan parameter space (e.g. SUSY, UED)

(ii) bottom-up: effective theory, or simplified model — sketch
of how DM could manifest itself at colliders...






ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: July 2015 Vs=7,8TeV
Model &Y Jets ET™ [Ldim™) Mass limit [NE=7TeV.  Vi=8Tev Reference
MSUGRA/CMSSM 03eull-27r 2-10jets/3b Yes 20.3 § 8 1.8 TeV miz)=miz) 1807 05526
4. 4%} 0 26jets  Yes 203 |§ 850 GeV mF})=0 GeV, m(1* gen. §=m(2" gen. ) 1405.7875
34, G—qt (compressed) mono-jet  1-3jets  Yes 203 q 100-440 GeV mighmiE))<10GeV 1507.05525
44, 4—q(2E/tv/vE) 2e,u(offZ) 2jets  Yes 203 |§ 780 GeV mik1)=0 GeV 1503.08290
2, 3—qak) 0 26jets  Yes 203 |& 1.33 TeV miF])=0 GeV 1405,7875
& i ioael | —qqW k] O-ley  2:6jels  Yes 20 | 1.26 TeV m(F])<300 GeV, m(F* }=0.5(m(¥])vnig)) 1507.05525
22, B—qqULEEv/w)E| 2ep 0-3 jets - 20 |& 1.32 TeV mF!)=0GeV 1501.03555
§ GMSB (£ NLSP) 1-21r+0-1¢ 0-2jets Yes 203 |& 16TeV  tani>20 1407.0803
GGM (bino NLSP) 2y - Yes 203 F 4 1.29 TeV cT{NLSP)<0.1mm 150705493
GGM (higgsino-bine NLSP) ¥ 1h Yes 203 | & 1.3 TeV miE])<900 GaV, cr{NLSP)<0.1 mm, <0 150705493
=  GGM (higgsino-bino NLSP) Y 2jets Yes 203 | & 1.25 TeV m(F])<B50 GeV, cr{NLSP)<0.1 mm, u>0 150705493
GGM (higgsino NLSF) 2eu(Z) 2jts  Yes 203 |& 850 GeV m(NLSP)>430 GeV 1503.03230
Gravitino LSP 0 mono-jet  Yes 203 F'% geale GeV m(G)>1.8 x 10~ eV, m{F)=m|(§)=1.5TeV 1502.01518
gz F-sbbi] 0 3b Yes 201 |& 1.25 TeV miF])<400 GoV 1407.0500
OS 22, g—nﬁ" 0 7-10jets  Yes 203 | & 1.1 TeV m(F]) <350 GeV 1308.1841
k] 22, 3k, 0-1ep 3h Yes 201 | & 1.34 TeV mi¥)<400 GeV 1407.0800
180 an psbik| 0-1e.p 3b Yes 201 | E 1.3 Tev m(F))<300 Gev 1407.0800
S bbb -.m’, 0 2h Yes 201 | B 100-620 GeV miET)<90 GoV 1308.2631
h b; by —iky 2eu(SS) 035 Yes 203 | b 275-440 GeV m(E =2 m(E) 14042500
§ f6, ) —he] 12eu 126 Yes 47203 | L1067 GEV 230-460 GeV M) = 20(E)), mii])-55 Gev 1208.2102, 1407.0583
i Whi' or 1] 0-2epu 0-2jets/1-2b Yes 203 |&  90-191 GeV 210-700 GeV miE)-1 Gev 1506.08616
fi—eth 0 monodet/ctag Yes 203 | & 90-240 GeV m(f; }-miE ) <85 GoV 1407.0808
natural GMSS) 2e,u(2) 1h Yes 203 |@ 150-580 GeV m(F])>150 GaV 1403 5222
2, ol +Z 3ep(Z) 1h Yes 203 & 290-600 GeV miE7)<200 GoV 1403 5222
l;,.nl. PR 2ep 0 Yes 203 |# 90-325 GeV mi¥}}-0 Gev 1403.5294
XA X[ =bv(ew) 2e,u 0 Yes 203 ;; 140-465 GeV mIE1)=0 GoV, m(Z. #=0.5(m(E; Jemity)) 1403.5294
XLE) K —tv(d) 2r - Yes 203 f 100-350 GeV n(x =0 GeV, m(z, #)=0.5(m il pmu,), 14070350
E g X v (), £ £(5) e 0 Yes 203 |44 700 GeV mET Y=m(E2), miE])=0, miZ, #)=0.5(m(E] Jem(E]) 14027029
3 P awelze 23eu  O2jets  Yes 203 I.‘.f' 420 GeV M J=miE2), miF] =0, sleptons decoupled | 14035294, 14027029
xhx?_. x,;.x, h—bb/WW/rr/yy MY 02 Yes 20.3 P.f! 250 GeV _ miF] Jem(t?), nw\.‘r‘,’)-o, sleptons deccupled 1501.07110
xm Hoy =t 4eu 0 Yes 203 if_, GeV mED=mirs), mid])=0, m(Z, 7)=0.5(m(F2)+mii})) 1405.5086
GGM (wmo NLSP) weak prod. lepu+y - Yes 203 W 124-361 GeV cr<!imm 150705493
Direct.¥| ¥ pred., long-lived ¥]  Disapp. trk 1 jet Yes 203 |& 270 GeV M FmE])~ 160 MeV, 7(¥7)=0.2 ns 13103675
Direct 1% pred., long-lived ¥]  dE/dx trk - Yes 184 | &) 482 GeV m(F] }-m(¥!)~160 MeV, r(¥])<15 ns 1506.05332
B & Stable, stopped  R-hadron 0 1-5jets  Yes 279 |& 832 GeV m(E7)=100 GeV, 10 us<r(§)<1000 s 1310.6584
=8 Stable # R-hadron trk . ) 191 | & 1.27 TeV 14116795
Eg GMS3, stable 1, e, Ayerle.p) 1-2p - - 191 | &) 537 GeV 10<tang<50 1411.6795
S 2 GMSB =96, long-lived £ 2y - Yes 203 X‘ 435 GeV 2<r(¥)<3 ns, SPSB modal 1409.5542
w5 —seeyfepy [y displ. ee/ep/up - - 203 A"‘ 1.0 Tev 7 <cr(¥ )< 740 mm, m{§}=1.3TeV 1504.05162
GGM 22,41 —2G displ. vix + jets - - 203 ff 1.0 Tev 6 <crii's)< 480 mm, migl=1.1 ToV 1504.05162
LFV pp—v. + X, 9r—epfer/ur UL ET T - - 203 | % 17TV 4,,-0.11, Aixa1322:2=0.07 150304430
Bilinear RPV CMSSM 2e,x(SS) 03h Yes 203 § & 1.35 TeV migh=mig), crosp<! mm 1404.2500
BT KT W 5 —een, e, dep - Yes 203 |4 750 GeV m(E)>0.2xm{E} ), 4y, 20 1405.5086
> 0E B oW B o ers, 3eptr - Yes 203 |&) 450 GeV mE>0.2xm(T} ), 41320 1405.5086
) 49 0 67jets - 203 |& 917 GeV BR{¢}=BR{b)=BA(c)=0% 1502,05686
= 8, 3-g¥) X! = qag 0 67jts - 203 |& 870 GeV miF])=600 GoV 1502,06686
23,301, Tj—bs 2e,u(SS) 03b Yes 203 I3 850 GeV 1404.250
1y, fj—bs 0 2jets+2b - 203 | & 100-308 GeV ATLAS-CONF-2015.026
iy, i) —bt 2e,u 2h - 203 i 0.4-1.0 TeV BR{7) —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, é—cf| 0 2¢  Yes 203 |z 490 GeV ! mi?)<200 GeV 1501.01325
107! 1 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.



Particle properties can then be reconstructed using e.g.
kinematic edges in invariant mass distributions:

. = — 2 12 o — MM
X9 = U} mi2 = \/pl + pa. M2 S Mgy — Myo

Events/ 5 GeV
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Possible to construct invariant mass of multiple particles,

qr = qxy = qlFIF = g =T R0

m(llq) < mg4 1 hle'¢ 1
q) = Mg m;

Name of the game: devise cuts
(missing energy, number of jets, OS, SS leptons etc)
that maximize S/N

=0

mg
mg

NoO



Less complete

Dipole
Interactions

“Sketches of models”
More

complete

Dark Matter
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Dark
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Standard Model

Simplified
Dark Matter
Models

Contact
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Extra
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Little
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EFT approach: assume some quantum numbers for DM (m,J),

write down effective operators

Name| Operator Coefficient
D1 XXaq my /M3
D2 X1°xaq | img/M?
D3 XT3V q img /M 3
D4 | xar’q | mg/M?
D5 | X7Xqmq 1/M?
D6 | xv*v’xqwg | 1/M?
D7 | X7*X@7"q 1/M?2
D8 |xv*v'xaw’a| 1/M?
D9 | xo*xqowq | 1/M?
D10 |X0u, Y X30apa| i/M2
D11 | ¥xG,G* | a./aM?3
D12 | x7V*XGuG* | ics/AM3
D13 | ¥xG,.G* |ia,/AM3
D14 | ¥/*XxG.G* | a,/AM3

Name| Operator |[Coefficient
Cl | x'xag | mq/M?
C2 | x'xar’q | img/M?
C3 | X"Oxar'a | 1/M?
C4 xX'ouxar* e 1/M2
C5 | x'xGuWwG*™ | a./4AM?
C6 | x'xG,.,G*™ | ia,/aM?
R1 x2qq m,/2M?
R2 X’qv’q | im,/2M?
R3 | x’GG* | a./8M?
R4 | x%GG* |ia,/8M2

arXiv:1008.1783 [hep-ph]




Algorithm is usual: calculate production cross section,
simulate events, devise best possible set of cuts,
compare S/N, set limits on effective operator scale

Issue: EFT has certain range of validity!
(“cutoff”) scale A corresponds to

A~ M/\/.(hgz-

Whether or not constraints make sense depends on
whether the typical energy of the reaction (say
momentum transfer P, ) is smaller than, say, 4xA



Good example of a test:

J(Ptr < 47T'A)

R(A) = o(any P;;)

In practice, scales probed by LHC very borderline for EFT to

make sense... cutoff scale close to P,

one would expect to produce new physics on-shell...



Alternate approach of simplified models, e.g.

1
Ls D =5 MpeaS” — yxSXX — y{ SGig; + hec

Ly D ——MQCdV#V“ I Vuxy'x — g”V giv"q; + h.c..

Set (meaningful) constraints on combinations of
mediator mass and couplings, for given DM masses

Can compare with direct detection results, but
beware of RG effects in matching scales!!



ogp (DM-proton) [ecm?]
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Additional probe: invisible Higgs decay to DM!

A\ o | H |2 - BR(H — invisible)
Hxx XX|H| I'y = — X
1 — BR(H — invisible)
o 107%° 2 ]
£ 109 ATLAS
1 0—37 90% CL exclusion: Higgs portal model
10_33 —— CRESST-II ) ATLAS VBF H(inv.)
1 0—39 — gl?;de?gt;MS Z fs::'l:lal;n

Vs=8TeV, 20.3fb"
BF (H — invisible) < 0.28 at 90% CL
| I 1 | | 1 | I 1 1 I

1 10 10
WIMP mass [GeV]

FH:



What is left on the menu

v’ Gamma-ray Galactic Center Excess and Diffuse Emission Models

v’ Collider searches for Dark Matter

v’ Axions and axion searches



Axions and ALPs as dark matter candidates

1 T,
Lacp = —;Ga,G +3 [qﬂﬂzDqu - (qu{quj + h.c.) ]
j=1

"theta" term innocuous perturbatively (total derivative), but
entering pheno via non-perturbative QCD effects, producing
large neutron el. dipole moment

d, ~5x1071%9 ecm d, < few x 1072° e cm

PQ: promote 6to dynamical variable,
driven to zero by its own classical potential



Postulate a global (quasi-)symmetry of the theory
(broken by non-perturbative effects) U(1),q ;
Symmetry spontaneously broken at a scale f..
Axion is the (pseudo-)Nambu-Goldstone boson associated with U(1),q

A% p 107 GeV
Axion mass is Mg ~ (‘} ~ 0.6 eV ( 7 )

QCD effects produce effective (slightly model-dependent)
couplings to fermions and photons, which drive
phenomenology

. B.

=I|Q

o™ o Ty
Cait =91 (7, Ny b ==0v2 7,



Similar setup for axion-like particles (ALPs): new global U(1) symmetry
spontaneously broken by a hidden Higgs-type mechanism at a scale v,

Recast Higgs field as Hp(z) = (vh + hi(z)) eia(@)/vn

Ly
V2

The potential for the ALP field a(x) is flat, and
depending on the model realization one generates
couplings to SM particles

)
2

1 Cay

uv
F, F -{—2 f

Ouafy'~° f

Larp = ~0,a0"a — %c 2o G — S0, o

e 8m " fa



Because of coupling to SM particles, esp. to photons,
axions decay to two photons,

Ta—yy ™

1672 Agep 102 ¢ (1 eV)5

2 »~>
« m, mg

To have a sufficiently long-lived axion we must demand

1eV

Mg

~J

5
TU~1010x(7r107)s51024s( ) =>m, <25eV, f, 24 x10° GeV



Axions can have dramatic impact on stars:
Compton-like and brems-like processes

f}/_|_e_)a+e .8+Z—>G+C+Z.

produce an axion luminosity, e.g. for the Sun, of

mg

Lo ~6x 1074 (1ev)2L9

Since solar luminosity is whatever it is, axion emission would require
enhanced nuclear energy production, thus larger neutrino flux!
Limits are around 1 eV...



. m. 2
Axions would also cool supernovae, L, ~ 10°%rgs/s (1 @\'/)
e

L, ~ 103 ergs/s L,> L, form, > 1073 eV

If axions are too massive, they get trapped and they
don't contribute to SN luminosity efficiently

1073 <m,/(1eV) <2



How can axions be produced? Thermally?

_a+g + g+qor g+g, or a+q(q) « g+q(q)

Qs 0 _ ~ o
— —GG Ogg ™~ 55
87 f, , w2 f2

T2
Mp

r
F~Lo= N.N;T?04 4 ~

fa
1012 GeV

Tin ax. ~ few x 10 GeV (



However, at lower temperatures (below QCD phase transition)

T+TETHa or ~1/f2

N O m.Mp

~J

H 1z

>1 = f, <5x10° GeV.

~J

Mq

130 eV

ch.ax. ~

...but we know this doesn't work! Hot DM not good! Also, other
constraints on axion mass... how about non-thermal production?



mis-alignment mechanism and axion strings

~1.18
Quish? ~ 0.4 ( —2 0
EET 10 peV T

(o_l)RMS = (_/ dolg)l/z - %

~1.18
Qmis RMsh? ~ 0.13 T
’ 10 peV

—1.18
Mg
Qst:rings+domain wallsh2 = (35 = 17) (10 uev>

—1.18
L
Qst;rings-i'-domain wa.llsh'2 ~ 0.4 (10 ueV)



Axion laboratory searches based on
light-shining-through-wall experiments

v+ Ze &> Ze+a

% ¢
Y 1/\/\/\/§ > > g\/\/\/‘- W
B B

oo y*

microwave cavities, and "helioscopes"



X-ray optics
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Superconducting
magnet

N

Frequency (GHz)

=

Ultra-low noise
microwave receiver




What is left on the menu

v’ Gamma-ray Galactic Center Excess and Diffuse Emission Models

v’ Collider searches for Dark Matter

v’ Axions and axion searches

v’ Sterile neutrinos and the 3.5 keV line puzzle



Sterile neutrino: killing two (or three) birds with one stone

“prendere due (o tre) piccioni con una fava”

SM Neutrinos are strictly massless;
however, they are not observed to be!

Simplest addition: set of n singlet fermions N, gauge singlets

_ _ M. _
L= LSM + iNaaNa - yaaHTLaNa = TGN:NG

M(n+3) — ( 0 . yaa(H) )
Yao(H) diag(Mi,...,M,)



If the following holds

“See-saw” mechanism!

yaa(-H) Nyv<<Ma ~ M

1=




Sterile neutrinos mix via explicit (but possibly very small)
mixing with ordinary neutrinos

...as such, they decay (into 3 SM neutrinos)

m

keV

5 -5
) 1040 GeV = 7 ~ 10165 §2 (ﬂ)

T ~ 92G2 S 02
i ( keV

Being fermions, m > keV (e.g. Tremaine-Gunn)



How can sterile neutrinos be produced?

Basically, freeze-in: dump out-of-equilibrium sterile v's
through the universe history

Iy, ~ (GET®)6X(T)

Subtlety is matter effects, inducing T-dependence in the mixing angle

6

6 /1 koV 2
1+2'4(20071:-10V) (I;V)

9—)9M2

Sterile n yield Y=n/s scales as production rate
times Hubble time t,=M,/T?



105 L

o(T) 1ot f

100

1 10 100 1000 10

T [MeV]

Maximal yield in 100-200 MeV range = QCD phase transition effects

K m 1.8
2 5
h,h" ~0.1 (3 X 10—9) (3 keV)

(Dodelson-Widrow)




Additional important effect from Mikheyev-Smirnov-Wolfenstein
effect with large lepton asymmetries
(Shi-Fuller resonant production)

Other possibilities: non-thermal production from
singlet scalar coupling

Ra e
7SNaNa
N ng Mp h2
SHYH and/or S?H'H . ?TFN M2 167rMS

Qn NO.Q(



Sterile neutrino interesting from the standpoint of
structure formation — remember

3 3 3
Mcutoff, hot ™ ! Pv (T S m,,) ~ Mé) my ’rn,g = Mé)
H(T =m,) m2 m?

M3
2
me

my, \ 2 my )‘2

~ 107 Mo (30 eV) ~ 107 Mo (1 keV

...and could explain high-velocity pulsars!

How would we detect sterile neutrino dark matter?




2
I‘Vs—)fyya ~ 167{'20 G

47!' m ov line of sight m 87rm /

few x10'8 GeV/cm?




key background: diffuse cosmic X-ray background

E —-0.4
boxs ~ 9.2 x 1077 ( ; keV) em 2s taremin™? — ~107%em?%s7!

Loy J 4 o [ 0 m \4 J
=2 10
Py 8 m s (10—7 (1 keV) 1018 GeV /cm?

2
(107 (tav) =1

Have we detected it?



Bulbul+ (2014) » Stacked clusters

> Perseus

Boyarsky+ (2014) » M31 (Andromeda)

> Perseus

Jeltema+Profumo (2014) » Galactic
Center



X-ray lines predicted from sterile neutrinos

SU(2), gauge singlet, but (small) mixing angle with active neutrinos
Viable DM candidates (Dodelson-Woodrow production; “warm” DM)
Possibly connected with baryogenesis (VMSM)

Would decay via mixing with active neutrinos

3.5 keV lines (roughly) compatible with this!



X-ray lines also from atomic transitions
of highly-ionized Z ~ 16-20 atoms™

- SXVI T Line-free ;\PEC + Gaussians_’
= N Ar XV
- N Ca XIX —
| Ar XVII l Ar XVII /l\ i
-S XV\ S XVI S XVI "
B A A K XV Ar XVII Ar XVIIT]
A no 7
i L I 1 ‘
2.5 keV 3.0 keV 3.5 keV 4.0 keV 4.5 keV

K XVIII has (two) lines near 3.5 keV
[K (Z=19) ion with 18-1 electrons missing, i.e. “He-like”]

*E,~13.6 22eV> Z~ (3,500 / 13.6)Y2 ~ 16, but Z_<Z...



How do we tell K apart from
sterile v or other exotica??

Try to predict K XVIII line brightness
using other elemental lines

two key complications:

#1 Plasma Temperature

#2 Relative Elemental Abundances



Bulbul+ argues against K XVIII
since prediction for K 3.5 keV line too low
(by factors ~20 for solar abundances)

...but this prediction makes two
key mistakes:

#1 Plasma Temperature

#2 Relative Elemental Abundances



Ca XX/Ca XIX ratio

10

[—

0.1

Bulbul+ uses very large T
highly suppresses K emission!

- 1 1 I I | 1 1 I | 1 1 I 1 I I I I I | I 1 I | I 1 1 I I I 1 I I | 1 1 I 1 I 1
- "Full Sample", MOS :
] P — Ca XX/ Ca XIX
I T inferred from

Ca XX/Co XIX ratio Tempeyatures adopted in Bulbul et al
- [ T, 7,

1 1 I | 1 1 I | 1 1 I 1 1 1 I 1 1 | I 1 1 | I 1 1 1 I | 1 1 I | 1 1 I 1 1 1

1 2 3 4 5 6 7 8 9 10

Temperature [keV]
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also, under-estimate ~10 of K abundance!
(Photospheric versus Coronal)

* Phillips et al, ApJ 2015, RESIK crystal spectrometer



Jeltema+Profumo (2014) showed that

for clusters, and for our Galaxy
KXVIII could explain the 3.5 keV line

Other tests?

(1) look elsewhere!

(2) use something different than spectrum!



(1) look elsewhere: depressing

» no signal from dSph*

» no signal from stacked galaxies
and groups, low-T plasma**

» no signal from M31%**

*Malyshev et al 2014
** Anderson et al 2014
**¥* Jeltema and Profumo 2014



» no signal from dedicated 1.4 Ms
XMM observation of Draco dSph”

2_5)(]0_6 T T T T ] T T T T T —
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0'%.3 34 3.5 3.6 3.7

Line Energy keV

* Jeltema and Profumo, MNRAS (2015)



(2) use something
different than spectrum!

Morphology!

Look at where the
3.5 keV photons come from!
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Morphology: looks like thermal line

decaying DM strongly disfavored

Carlson, Jeltema and Profumo, JCAP 2015

Residual Counts



Recap!

Signal? Morphology?
Clusters v ~Cool core
[Perseus]
Galactic v ~Quadrupolar
Center

[Draco]

K XVIII

v

N/A



Dark Matter, or Potassium?



Entia non sunt multiplicanda praeter necessitatem
(William of Occam, c. 1286-1347)



Rare picture of William of Occam, perplexed by
XXI century particle theorists working on dark matter



What if it is Dark Matter?
simplest models (sterile neutrino) don’t work

every challenge is an opportunity...
...interesting riddle for theorists!



Redman’s Theorem

“Any competent theoretician
can fit any given theory
to any given set of facts” (")

(*) Quoted in M. Longair’s Roderick O. Redman
“High Energy Astrophysics”, sec 2.5.1 (b. 1905, d. 1975)
Professor of Astronomy

I{4
The psychology of astronomers at Cambridge University

and astrophysicists”



3.5 keV line ...an excuse for an exciting,
new mechanism for a signal from Dark Matter!

x1f = xof - X2 = X17
X1 X2 .

Y Signal ~ Pom X Pgas
f f

X1 y
Good Thermal Relic! >gmm<
X2 [~

D’Eramo, Hambleton, Profumo and Stefaniak, 1603.04895



Why should you be excited by our model?

1. Brand new indirect detection channel!
2. Unmistakable signature, background free

3. “Good” model: economical, natural
UV completion, thermal relic DM

4. Bunch of cool physics!

D’Eramo, Hambleton, Profumo and Stefaniak, 1603.04895



A highly falsifiable scenario

* Line Shape — geometric average of thermal, DM velocities

(can be resolved by Hitomi/Astro-H) . proerre

| Perseus, 1 Msec

¥ f = 3 Thejapan—l—-]mes :1;061.57:ev,0.6solar J
1o7e Letram v(baryons) = 300 km/s |
. . . v(line) = 1300 km/s
Why X-ray astronomers are anxious for good news from troubled Hitomi
satellite

April 5, 2016 by Kevin Schawinski, Swiss Federal Institute Of Technology Zurich, The Conversation

on a Japanese rocket in mid-February, could be experiencing
after an unexpected shift in its position may have rendered it
solar power, it said.

in It'o after Saitama girl,
The satellite is supposed to be orbiting about 580 km (360 miles) above the 15, missing two years

Earth’s surface, but JAXA said the satellite may also have deviated from its flees captivity, alerts
intended path. cops



A highly falsifiable scenario

Line Shape — geometric average of thermal, DM velocities
(can be resolved by Hitomi/Astro-H)

Astro-H SXS

Perseus, 1 Msec

kT =6.5keV, 0.6 solar _
z=0.0178

v(baryons) = 300 km/s |
v(line) = 1300 km/s

1.5x102

Unique morphology

S

L ArXVII

Flux (ph cm?s'keV™)
10

Ar XVIII

Unique target-dependence |
3 3.2 ’ 3i4Energ;, (kev:;ﬁs - a8

Lines could appear anywhere from eV (visible) to UV, to X-ray



K XVIII remains Occam’s razor’s fav. option

Plasma-excited DM:
New mechanism to detect DM

Lines anywhere eV...keV
Unique obs. predictions, background “free”

Structure formation? Small-scale structure?



