An update on
dark matter searches

Piero Ullio
SISSA & INFEN (Trieste)

INEN inﬁisibles
neutrinos, dark matter & d

ark energy physics

“Vulcano Workshop 20147, Vulcano, May 20, 2014



Outline of the talk:

e The dark matter puzzle as one of the deepest and longest-
standing problems in Science.

e The evidence for dark matter is very solid, but any particle
physics approach has been inconclusive so far: should we
challenge the standard lore and search for new guidelines?

e The LHC and it impact on the WIMP paradigm.

e Hints of particle dark matter detection? A sample tentative
signal and the broader picture.

Disclaimer: no attempt to be a compact, ultra-fast, all-inclusive
review but rather take it as an introduction complementing to
some of the topics which will be presented in coming talks.



Dark matter (indirectly) detected!

Plenty of (gravitational) evidence for non-baryonic cold (or coldish - as
opposed to hot) DM being the building block of all structures in the
Universe. E.g.:

it accounts for the (Planck, 2013)
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Relying on the assumption that GR is the theory of gravity; still, it is

very problematic to explain, e.g., the prominence of the third peak in

an alternative theory of gravity and matter consisting of baryons only
| J




Dark matter (indirectly) detected!

Plenty of (gravitational) evidence for non-baryonic cold (or coldish - as
opposed to hot) DM being the building block of all structures in the

Universe. E.g.:
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Relying again on GR as a theory of gravity; again it is very problematic
to introduce an alternative theory and explain the component
segregation within a model without DM but having baryons only




Connection to a particle dark matter framework?

The standard model for cosmology, the ACDM model, does not aim to
address questions regarding the nature of the DM component:

the DM term is treated as a classical, cold, pressure-less fluid subject to
gravitational interactions only (no coupling to ordinary matter or photons,
no self-coupling); tests of such gravitational coupling determine with
accuracy its mean density:

Qpyv = 0.1199 £ 0.0027 (Planck, 2013 + WMAP 7 yr pol.)

and the spectrum of its perturbations (nearly scale invariant, as expected
from inflation).

Reformulating the DM problem in terms of elementary particles in the
dilute limit (two-body interactions dominating over multi-body interactions)
is an assumption, and not the only possible extrapolation, e.g.: the recent
attention on primordial black holes as DM; the recent interest on the
possibility that DM is the form of (or, in certain regimes behaves like) a
condensate. Will it be possible to single out this possibilities?



Observations and particle properties of DM

Assuming a particle formulation, astro/cosmo observables provide mainly
informations on the properties that DM does not have, e.g.: it needs to be
non-baryonic, non-relativistic at the phase of matter-radiation equality; ...
This is enough to say that DM is NOT within the SM of particle physics.

At the same time, loose bounds on the properties which are
crucial for devising a detection strategy for DM particles - the
mass and coupling to ordinary matter.

"“Hm . . . : AR
The mass scale is essentially unconstraint, admitting ultralight bosons

(107%% eV with macroscopic de Broglie wavelength), fermions at the level of
about 50eV (Gunn-Tremaine bound from phase space density limits), and
no relevant upper limits (up to the MACHO range tested via lensing
searches and even beyond)

The interaction scale has very tight limits with photons (DM millicharge,
electric and magnetic dipole moments severely suppressed), significant with
baryons, relatively weak for self-interactions (from galaxy clusters
morphologies and mergers, such as from the Bullet cluster - early claims of
evidence for self interaction from the Musket Ball cluster not confirmed)



Observations and particle properties of DM

Assuming a particle formulation, astro/cosmo observables provide mainly
informations on the properties that DM does not have, e.g.: it needs to be
non-baryonic, non-relativistic at the phase of matter-radiation equality; ...

This is enough to say that DM is NOT within the SM of particle physics.

At the same time, loose bounds on the properties which are
crucial for devising a detection strategy for DM particles - the
mass and coupling to ordinary matter.
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Guidelines to narrow the DM problem?

Focussing corresponds almost always to ratify a prejudice. Possible criteria
to support such option include:

e A clean production mechanism, e.g.: thermal production (symmetric,
asymmetric), non-thermal states (e.g. from heavier state decays),
production as a condensate, gravitational production, ...

e A motivation from an open problem in the SM of particle physics, e.g.:
the naturalness problem, the violation of CP in strong interactions, a
mechanism to explain neutrino masses, ...

e An impact on observables in cosmology or astrophysics, in connection,
e.g., to the possibly discrepancies of the SM with observations on small
scales (non-linear regime; galactic and sub-galactic scales; central over
densities and abundance of substructures), e.g.: Warm DM, self-
interacting DM, DM carrying macroscopic quantum eftects, DM with
with non-standard couplings with photons or baryons. Numerical N-
body simulations are starting to touch these cases; still to be cleared is
the role of baryons in DM numerical simulations.



Guidelines to narrow the DM problem?

e An “aesthetic” motivation in analogy to other counterparts, e.g.:
Asymmetric DM relying on a mechanism explaining the reason why the
density of baryons and DM are comparable.

e A “pragmatic” motivation: lacking incontrovertible evidence for new
physics at accelerators, DM may be the only window for new physics.

e A “contingent” motivation: given some “anomaly” (e.g. an excess in the
radiation detected towards the GC) you study the class of compatible
candidates (mass, interaction, annihilation or decay mode) without
(necessarily) a reference particle framework.

e A systematic evaluation of what is experimentally accessible

“Historical” DM candidates - (SUSY) WIMPs, axions, sterile neutrinos, ... -
have mainly been motivated as relying on a natural production mechanism
and, at the same time, carrying a particle physics motivation; should one
give up on such approach?



CDM particles as thermal relics

Thermal equilibrium of X enforced via: X X < SM ST/[
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The WIMP recipe to embed a dark matter candidate in a SM extension:
foresee an extra particle X that is stable (or with lifetime exceeding the age
of the Universe), massive (non-relativistic at freeze-out) and weakly
interacting. Plenty of frameworks in which it is viable to apply this recipe.
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WIMP coupling to ordinary matter:

Early Universe
= halo annihilations tests at LHC
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Back to WIMP coupling to ordinary matter:
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Incl. searches

Natural SUSY

LLP + RPV

Extended
MSSM

LHC impact on the WIMP framework so far

A very large impact on the underlying beyond-SM particle frameworks . E.g.
for SUSY searches, ATLAS find 95% CL limits (Moriond 2014):

Model &MY Jets EX™ [Larh™] Mass limit Reference
T T T T l T T T T T T T T I T T T L] T T T
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 3.2 1.7TeV.  m(g=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM 1eu 3-6 jets Yes 20.3 g 1.2 TeV any m(g) ATLAS-CONF-2013-062
» MSUGRA/CMSSM 0 7-10 jets  Yes 20.3 g 1.1 TeV any m(g) 1308.1841
2 a-el 0 26jets  Yes 203 |d 740 GeV m(¥))=0 GeV ATLAS-CONF-2013-047
S 3z g—>qu i 0 26jets Yes 203 |2 1.3 TeV m(¥})=0 GeV ATLAS-CONF-2013-047
S 32.2-q9%] —>quiX| Tep 3-6jets  Yes 203 g 1.18 TeV m(¥})<200 GeV, m(t*)=0.5(m(t})+m(z)) ATLAS-CONF-2013-062
O g3, g—>qg([[/[v/vv)/\/| 2e,p 0-3 jets - 20.3 g L 1.12 TeV m(¥})=0 GeV ATLAS-CONF-2013-089
®  GMSB (I NLSP) 2e  24jets  Yes 47 |@ g I u I n o 1.24 TeV tang<15 1208.4688
‘@ GMSB (£ NLSP) 1-27 0-2jets  Yes 20.7 g 1.4 TeV tang >18 ATLAS-CONF-2013-026
% GGM (bino NLSP) 2y - Yes 203 |2 1.28 TeV m(¥})>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) e u+y - Yes 48 |2 619 GeV m(t%)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 48 |z 900 GeV m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets  Yes 5.8 m(f)>200 GeV ATLAS-CONF-2012-152
S5 zobbi) 0 3b Yes  20.1 g 1.2 TeV u? )<600 GeV ATLAS-CONF-2013-061
S 2 g_m‘)?g 0 7-10jets  Yes 203 |2 1.1 TeV m(¥Y) <350 GeV 1308.1841
R e 1N 0-1e,u 3b Yes  20.1 F4 1.34 TeV u? )<400 GeV ATLAS-CONF-2013-061
= g—-bi| 0-1e,pu 3b Yes 201 |%& 1.3 TeV m(t})<300 GeV ATLAS-CONF-2013-061
biby, by _,b)(, 0 2b Yes 20.1 by 100-620 GeV m(¥})<90 GeV 1308.2631
w e biby, bty 2¢e,u(SS)  0-3bh Yes 20.7 by 275-430 GeV mu?.*) 2 m(tY) ATLAS-CONF-2013-007
=< .0 7 (light), i1 —»bYT 1-2e,p 12b  Yes 47 z 110-167 GeV m(X.) -55GeV 1208.4305, 1209.2102
S S #f(light), 7 7> WbE! 2e,u 0-2jets  Yes 203 130-210 GeV m(/\/,) m(7, )-m(W)-50 GeV, m(f,)<<m(¥}) 1403.4853
%‘g 17 (medium), 7 -2} 2ep 2jets  Yes  20.3 215-530 GeV m(/\/,) 1GeV 1403.4853
e a8 7171 (medium), 7| —bX7 0 2b Yes 20.1 r g e n 150-580 GeV m(/\/|)<200 GeV, m(¥7)-m(t))=5 GeV 1308.2631
8)}3 7,71 (heavy), f,-m”fb 1eu 1b Yes 20.7 200-610 GeV m(X.) =0 GeV ATLAS-CONF-2013-037
~ O Ai (heavy)bfl X 0 2b Yes 20.5 E 320-660 GeV m(¥})=0 GeV ATLAS-CONF-2013-024
AT i, -k 0  mono-jet/c-tag Yes  20.3 |7 S u atrtks m(f)-m(t})<85 GeV ATLAS-CONF-2013-068
711 (natural GMSB) 2e,u(2) 1b Yes 20.3 2 q 150-580 GeV m(/\7?)>150 GeV 1403.5222
hiy, h—t +Z 3e,u(2) 1b Yes 20.3 b 290-600 GeV m(7)<200 GeV 1403.5222
0 rOLR, C—>(/\71 2e.pu 0 Yes 203 |7 90-325 GeV m(¥})=0 GeV 1403.5294
3 X/,*)?f X/, (V) 2e,u 0 Yes 203 |i} 140-465 GeV m(¥})=0 GeV, m(Z, #)=0.5(m(¥})+m (¥ )) 1403.5294
= O XX, X[ —>tv(ri) 27 - Yes 207 |X} 180-330 GeV m(¥})=0 GeV, m(z, #)=0.5(m(t; )+m(¥})) ATLAS-CONF-2013-028
W S X g_’[L"[L[("") V0LLGY) 3e,u 0 Yes 20.3 X/z W I n OS 700 GeV mET)=m(¥3), m(¥})=0, m(Z, #)=0.5(m (¥} )+m(t})) 1402.7029
X Swid Z,\/b 2-3 e, 0 Yes 20.3 X/i 420 GeV m(/\"f)=m(—g), m(/\7°)= 0, sleptons decoupled 1403.5294, 1402.7029
X Xa— WX hA Teu 2b Yes 20.3 i, 285 GeV m(¥T)=m(¥3), m(¥})=0, sleptons decoupled | ATLAS-CONF-2013-093
8 o Direct ¥7X| prod., long-lived ¥7 Disapp. trk 1 jet Yes 203 | & 270 GeV m(/\/ )-m(¥])=160 MeV, 7(¥7)=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped g R hadron 0 1-5jets  Yes 22.9 g 832 GeV m(¥7)=100 GeV, 10 us<7(g)<1000 s ATLAS-CONF-2013-057
DT  GMSB, stable 7, X-1e, ptrte) 12K - - 189 fymoo . 475GeV 10<tanp<50 ATLAS-CONF-2013-058
S8 GMSB, ! =yG, long-lived ' 2y - Yes 47 | & 230 GeV 0.4<1(¥)<2 ns 1304.6310
- 33, X1 —qqu (RPV) 1p,displ. vtx - - 203 |d 1.0 TeV 1.5 <ct<156 mm, BR(u)=1, m(¥1)=108 GeV | ATLAS-CONF-2013-092
LFV pp—v: + X, Vr—e + 2e,pu - - 4.6 Ve 1.61TeV  4;,,=0.10, 4,3,=0.05 1212.1272
LFV pp—y + X,V —e(w) + T lepu+t - - 46 | 1.1 TeV 254,=0.10, 44233=0.05 1212.1272
> B|I|near RPV CMSSM 1ep 7 jets Yes 4.7 4.8 1.2 TeV m(g)=m(g), ctrsp<1 mm ATLAS-CONF-2012-140
& X|X| ,)(. w1 —eeiy, euv, 4e,pu - Yes 207 )?I 760 GeV m(¥})>300GeV, A,2,>0 ATLAS-CONF-2013-036
X1X1 XS WX 517, etir Seu+t - Yes 20.7 % 350 GeV m(¥7)>80 GeV, 1,330 ATLAS-CONF-2013-036
8999 0 6-7 jets - 20.3 g 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—it, fi —>bs 2,1 (SS) 0-3b Yes 20.7 g 880 GeV ATLAS-CONF-2013-007
. Scalar gluon pair, sgluon—gg 0 4 jets - 4.6 sgluon 100-287 GeV incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon—7 2e,u (SS) 2b Yes 14.3 sgluon | 350-800 GeV ATLAS-CONF-2013-051
"c')‘ WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 m(x)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
L L L 1 I L L L L L L L I L L L L L 1 L
Vs =7TeV Vs =8 TeV 10-! 1
full data full data Mass scale [TeV]



LHC impact on the WIMP framework so far

A very large impact on the underlying beyond-SM particle frameworks . E.g.
for SUSY searches, ATLAS find 95% CL limits (Moriond 2014):
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LHC impact on the WIMP framework so far

The viewpoint that new states close to the EW scale are needed to address
the hierarchy problem, a pillar of beyond-SM searches, is severely shaking.

The viability of a WIMP DM is significantly reshaped but not ruled out.
E.g.: among the viable option for MSSM neutralino DM prior the LHC:

1. light Bino (SU(2) singlet) annihilating into fermions via t- & u-channel

exchange of moderately light sfermion (bulk region of the CMSSM);
2. annihilation on a s-channel Higgs resonance;

3. coannihilation with a sfermion quasi degenerate in mass;

4. well-tempering of Bino-Higgsino fraction; BJaTad /1271 k71515

5. pure Higgsino (SU(2) doublet) of 1.1 TeV mass or pure Wino (SU(2)

triplet) of 2.5 TeV mass. - (S5 Mp Ry S target

only 1. has been wiped out by the LHC (but was already in trouble because
of flavour observables and Higgs mass limits); 2. has been reshaped by the
(SM) Higgs discovery; 3., 4. & §. have not (or marginally) addressed.




LHC impact on the WIMP framework so far

The current (pragmatic) tendency is to replace the model building attitude
which was applied up to around early 2000 or so:

Construct a natural theory; discover that WIMPs are predicted as
part of the spectrum of such natural theory; argue that there is a
mechanism enforcing the stability of the lightest of these; compute
its thermal relic density and discover that you can solve the DM
puzzle! (SUSY, large extra dimensions, Randall-Sundrum model, ...)

sometimes preserving extra virtue (e.g.: gauge coupling unification),
sometimes as DM as the only target!



LHC impact on the WIMP framework so far

Models in which the DM sector is the only one relevant for phenomenology
may be treated within effective field theory approaches, assuming contact

term interactions suppressed over some heavy scale A; e.g. for a Dirac
fermion X :

7 S CoO(G, G
OV 13 (X/yuxjigq/y Q) Or: OG = g A3

Focus on generic LHC signatures like the so-called mono-X emission:

singlejet/y/Z/W
| X q K-
| 1invisible
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q X q X _




LHC impact on the WIMP framework so far

Models in which the DM sector is the only one relevant for phenomenology
may be treated within effective field theory approaches, assuming contact

term interactions suppressed over some heavy scale A; e.g. for a Dirac
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LHC impact on the WIMP framework so far

Models in which the DM sector is the only one relevant for phenomenology
may be treated within effective field theory approaches assuming contact

term interactions suppressed over some heavy scale A; e.g. for a Dirac

fermion X :
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Residuals (cpd/kg/keV)
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Hints of particle DM detection?
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The direct detection puzzle:

Inconclusive picture, with some null results and some a potential signal
(excess over background or an annual modulation signal); taking all of
them at face value and making a (model dependent) projection on the
plane WIMP-nucleon SI coupling - WIMP mass, tension among results:

DAMA/LIBRA Bernabel et al.,

CDMSII Si | A
G WIMP() event —
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Aalsethetal.,, i, _ QP mess PG
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(excess) arXiv: .
Angloher et al., o . o .« o
rxi1100.0702 1S the light mass window interesting:

Is this the correct projection plane?



A y-ray excess at - GeV energies towards the GC ?

When comparing the flux measured by Fermi in the Galactic center
region against models accounting for diffuse emission and point sources, a
residual at the level of 10% of the total intensity emerges, Morselli & Vitale
(Fermi Coll.), 0912.3828 (+ Goodenough & Hooper, 0910.2998):

7°x7° ROI

P

counts/MeV

* s

(counts- model) / model

Energy (MeV)

diffuse emission according to a physical propagation model (with Galprop)
tuned on data away from GC; isotropic background from all sky data; point
sources from the Fermi catalogue. Still: it is tricky to include properly
systematic effects and uncertainties in the modelling of each component.
An exercise which has been repeated over the years with different
assumptions, with the goal of addressing whether this is a DM excess:



A y-ray excess at - GeV energies towards the GC ?

The attractive feature is the morphology signature, as expected from the
enhancement in DM density towards the Galactic center: Hooper & Linden,
1110.0006 (building up from 0910.2998 and 1010.2752) use a template fitting
procedure to claim a DM signal in the inner few degrees:
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A y-ray excess at - GeV energies towards the GC ?

Result confirmed in other independent works, considering slightly
different approaches to model the background, see Abazajian & Kaplinghat,
1207.6047 and Gordon & Macias, 1306.5725:
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A y-ray excess at - GeV energies towards the GC ?

Residuals searched for and found also in different parts of the sky; in
particular Hooper & Slatyer, 1302.6589 find consistent energy spectrum and
morphology at slightly higher latitudes, in the Fermi bubbles region, where
assumptions on the background needs to be different, but still very
uncertain (see also results from Huang et al., 1307.6862):
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Hooper et al., 1305.0830 show that this is inconsistent with an unresolved
population of millisecond pulsars (MSPs) with the same spectral features as
those measured by Fermi for MSPs in the sun neighbourhood. This point
has been questioned in other analyses, see Yuan & Zhang,1404.2318.



A y-ray excess at - GeV energies towards the GC ?

Latest update from Daylan et al., 1402.6703: better angular tagging (Fermi
CTBCORE parameter discrimination), template fitting on large sky patch
all the way from |bl>1° to the Fermi bubble region, higher statistics:
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A y-ray excess at - GeV energies towards the GC ?

Latest update from Daylan et al., 1402.6703: better angular tagging (Fermi
CTBCORE parameter discrimination), template fitting on large sky patch
all the way from |bl>1° to the Fermi bubble region, higher statistics:
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Minor changes for slightly different angular and/or energy cuts; signal
robustly associated with an approximately spherical component (not a
contaminant from the disc) and extending up at least 10° (hardly
compatible with a MSP component).



What about the broader multi-messenger picture?

In most cases a given DM yield impacts several WIMP indirect detection
channels at the same time: a multi-messenger and multi-wavelength
opportunity to find a signal and cross check limits. A problem requiring a
fully self-consistent approach when comparing different observables.

E.g.: within a given WIMP yield, a given model for propagation of CRs in the
galaxy, a given model for (radiative) y-ray emissivities (connected to the gas
and ISRF models), you can extract limits from (Tavakoli, PU et al., 1308.4135):
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Model dependence of DM antiprotons predictions

Predictions for secondary (background) antiprotons, stemming from CR
propagation models calibrated on other secondary/primary CR ratios, are
fairly robust; the same is not true primaries from DM annihilations:
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Rather than low; intermediate & high latitude, follow the strength of the

More on DM vy-ray predictions and limits

limit on the whole sky:
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More on DM vy-ray predictions and limits

Rather than low; intermediate & high latitude, follow the strength of the
limit on the whole sky:

M, = 10GeV, bb

bl 84.4 526 463 591 433 88.1 E pIOtting: (O-/U)BO-/(O-/U);O;H
L 6121%6'5233 ?g%j; with: (6v)2%, = 2.5-10"*"cm?s™*
32:3 102 176 314 246 10;1 . in the “reference” Casc.
50 - 4
37.2 486 848 582 568 57.1 | The brightest the COlOI', the
VLT R A A W T T A e less robust the limit:
1 R LT T YR T I T i T S L oA S Ty I

plotting the largest departure | 07 05
from 1 of: (o0)? /(0v)35

[ | 062 0.6 0.82
S I 2078231205 20 0391119 ]
A L TR0.477 0517 0.83 i
where “1” labels a set of models k U5 dsi 7

with different assumptions on
the gas (reddish regions) or on
the ISRF (greenish regions). LG ot 50 1 ol T sei 111 oo 11

|

Tavakoli, PU et al., 1308.4135

150



More on DM vy-ray predictions and limits

Project the limit into latitude bins and translate them from the sample
Einasto halo profile into other possibilities:

Mx = 10 GeV, bb final state, fixed gas Mx = 10 GeV, bb final state, free gas
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All normalized to a local halo density: p(Rg) = 0.4GeV cm ™



More on DM vy-ray predictions and limits

Play it even harder and define the density profile as log-log interpolation
of a set of discrete values p; at the galactocentric distances 7;
corresponding to the radii at the tangential points in the latitude bins.
Assume also that the profile is monotonic and that:

r) = prin(r) for r> R _
p(r) = pEin(r) © M, = 10 GeV, bb final state, fixed gas
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Fix the annihilation rate, and generate
a random sample of p; , testing
whether each configuration is
excluded by the flux limits in all
latitude bins. For all surviving models,
consider the bin encompassing the
GC and compute the line of sight y
integration factors .J; obtained by

imposing that the density profile is

constant below 7; . Plot the maximum

of J; in the sample and compare it to T 2 s 4 s s 7 8
the analogous quantity for the R [kpe]
preferred parametric profile:
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Summary and conclusions

* Plenty of indirect (gravitational) evidence for DM from cosmological and
astrophysical observations, but loose connection to specific DM particle
physics scenarios. Can we trust any guideline (prejudice) and/or (re)focus
the DM problem in directions previously overlooked?

* The LHC is challenging the beyond SM extensions based on naturalness,
and is reshaping the WIMP scenario: DM shifting from byproduct to key
element for discussing SM extensions.

* DM not detected so far at the LHC; signal and limits from direct
detection are in apparent contradiction; a few “hints” of indirect detection
have been claimed, but the picture is far from being satisfactory:

* While it is arguable whether a signal in a given detection channel can be
trusted (say: the GeV excess in the central region of the Galaxy), the
annihilating DM scenario has to be addressed in multi-wavelength and
multi-messenger studies; comparing limits however is no back-of-the-
envelope task!



