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DARK MATTER PARTICLE PARADIGM

We are certain (from large scales) that Dark Matter explains:
» Movement of stars orbiting galaxies (rotational curves)
» Gravitational lensing observations
» Average velocities of groups of galaxies

Huge effort at looking for a DM particle and non-gravitational interaction:

Indirect Detection
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DM PARTICLE PHENOMENLOGY?

» Many beyond the SM models include a DM candidate (SUSY, IDM,
RNM, etc..)

» Or phenomenological approach: DM candidate (or reduced number
of DM candidates) that satisfy a given symmetry to ensure stability

L~ OpyOsu

Adopted framework

Effective approach: Multi-component DM spectra with non-trivial sym-
metries. Can include vector, fermions and scalar particles, interacting
with SM through heavy weakly coupled mediators.




EFFECTIVE DM-SM INTERACTIONS
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GENERAL PICTURE. CLASSES OF THEORIES

O = WODMOSM

SM
Vectors X*#
Scalars ¢ gS M

Fermions U e
Gpas (Non-trivial) ¢ ) x SUE) x U ()
Gpar - singlets

Gsar - singlets Neutral

Heavy mediators

Weakly coupled
to DM & SM



EFFECTIVE OPERATORS

!-‘ OsmOpm
— RGD
. BRI
5 11 (W2)(g el)
v B, X"® B, VoW
Vo[ ePol, el
6 VI (0o2)(pTel) (VD) P(p7el)
VII Jsm-Jdark
- By Ot




TREE-LEVEL / LOOP-LEVEL GENERATED OPERATORS

Tree Level O: Neutral mediators ¢
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Consider case: Fermions and scalars. Vector or antisymmetric tensor
mediators require details on local DM symmetries.



THE EFFECTIVE LAGRANGIAN

» Below the mediator mass scale: Effective theory resulting from
integrating out all modes with energy above this scale.

» Modes: Mediators and Standard Model and Dark Fields with higher
momenta "high-momentum modes" (HMM)

» For neutral mediator integrated modes: operators of dimension < 6
are either generated at tree-level or are not generated at any order
in the loop expansion

» From HMM integrated modes: operators are loop generated and
suppressed by ~ 1/(4m)2L, where L is the number of loops.

General form of effective Lagrangian

AC‘(:;) _ ‘CSM 4 Lgurk + (3I‘d)|2|(1)‘2 +£(C*tree) +£(C7100p) (l)




SCALAR & FERMION MEDIATORS



SCALAR MEDIATORS

The resulting effective Lagrangian is

Ol{Igl%, Tlgl?, |14 Q@2 dey!, B2, (W% (GA)%)
Off&-{w, 0@, Tew, X2,}

-: ~ Single-component model (lightest dark particle)



FERMION MEDIATORS
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Note: category IT operator |¢|>WW¥ has a loop-suppressed coefficient
for these models, which was not the case for the S-mediated case.



In the unitary gauge:

my > Mg me > My
Higgs Portal Neutrino Portal
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FERMION DM WITH FERMION
MEDIATORS



GENERAL SCENARIO
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RELIC ABUNDANCE: W& — SM, SM
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The cross section for WW annihilation has a dominant contribution from
® exchange and two resonant contributions from the Higgs and the Z

boson
mef crr (mg, —m )3/2
(V) vugy drmy (16772A) (m2, —4m2)% + m2,T%
v/ A £f 4 2 3
<UU>\D\II—>VV (25/67:m) 5T B + BR + Z (3)
where
($|L,R
Brr = 1+ m—% J cVIlI ) my
' m3, AT Cy Gy my—4Amd, + imgLy
m2 A
At = |1+ —2— (4)
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NUMERICAL CONSTRAINTS

Parameter space.
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In analytic expression (blue line):

crr = 0.08, ¢p = 1.5, c%’” = —10, c{}ﬁ'IL) = 0. The graph clearly
exhibits the two resonant peaks at mg = my/2 and my = mpy/2
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We see that outside the resonant values of myg the Planck constraint
restricts Aesr — myg plane to a narrow region that is well approximated
by the relation

Aefr = /% TeV; mgq ~ 74GeV (non-resonant region).  (6)
'
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DIRECT DETECTION W, SM — ¥, SM

Relevant terms contained in:

From this expression we extract
P 2 ((¢\L)) +e ((¢\L))
€H= Ty ;€= ——5s A
1672 Am3, 1672 A 2
that provide estimates of the strength of the H and Z exchanges to the

total direct-detectino cross section
The total cross section is given by

4
CUN N = ~firea |(Z] A) Ay + (1 = 2/ A) Auf?

where A, ,, denote, respectively the amplitudes for proton and neutron
scattering (in units of 1/mass?), and A, Zdenote the atomic number and charge
and piyeq the NV — W reduced mass



LUX & ATLAS RESULTS
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Planck @30. 90% C.L. Lux limit (black line). Atlas upper limits (red line) at 90%

C.L. on the DM-nucleon cross section from Higgs invisible decay to DM
(Majorana) fermions.
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INDIRECT DETECTION
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SUPER-K CONSTRAINTS

» Inthis scenario: BR, ~1 and o, BR ~ osp ~107'% pb (osp
generated by axial Z couplings), not enough sensitivity for
discovery in present experiments.
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SD cross sections: generated by the axial Z couplings and are of the
same order as the spin-independent ones: several orders of magnitude
below the limits of the spin-dependent cross sections (Super-K
JICECUBE, ANTARES..) (because of the absence of a ~ 42 coherence
factor).

Unconstrained from spin-dependent limits
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EW CONSTRAINTS

The only significant constraint: Higgs decay
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TRULY NEUTRINO PORTAL

Even if we do not see a DM signal in DD, ID and LHC experiments,
cr, c@’I(IL’R) ~ 0 ¢rr # 0, we still meet Planck constraints, truly neutrino
portal, (only phenom consequences may come from CvB)
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SIMPLE MODEL REALIZATION



MODEL REALIZATION

Simple model: Heavy Fermion singlet (mediator), DM con-
tent: ¥ and ®




Diagonalization




MATCHING EFFECTIVE INTERACTIONS

HMM loop induced contributions

Matching with the effective interaction for large M
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CONCLUSIONS



CONCLUSIONS

» After categorizing all the possible non-redundant effective
operators for non-trivial multi-component Dark Symmetries and
SMinteractions we see there are a few interesting set:

» Scalar mediators: Higgs Portal (studied extensively),

» Fermion mediators. DM content: Scalar and fermions: Heavier
scalar — Neutrino portal,

» Vector mediators & Tensor mediators: further work..

» Neutrino Portal: Fermion meditor: satisfy experimental
constraints,

» Resonant (HMM loop induced) contributions from Zandd H

» At reach for direct detection experiments,

» DM annihilation in the core of the sun (almost monoenergetic
neutrino): Still not sensitive enough, 4 to 5 order of
magnitudes below SK limit

» Truly neutrino portal if DD, ID, exclude DM, meets correct relic
abundance.
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