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Dark Matter today
Dark Matter is there.

Ok, but... 

- galaxy rotation curves
- clusters (lensing etc.)
- cosmological fits (CMB+LSS+...)

- a WIMP has the correct relic abundance
- popular candidates: 

- alternatives have a hard time

SuSy Neutralino,
Kaluza-Klein DM,
Little Higgs DM...

What is Dark Matter?

is there something more “minimal”?

- “fine tuning”?
- DM stability?
- DM phenomenology?



Minimalistic approach
On top of the SM, add only one extra multiplet X

and sistematically search for the ideal DM candidate...
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L = LSM + X̄ (iD/ + M)X

L = LSM + |DµX|2 + M
2|X |2

if       is a fermion

if       is a scalar

X

X

gauge interactions the only parameter, 
and will be fixed by         .ΩDM

(other terms in the 
scalar potential)



weakly int., massive, neutral, stable
The ideal DM candidate is
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Recap:
A fermionic                quintuplet with            ,
provides a DM candidate with                       ,

which is fully successful:
- neutral

- automatically  stable
and

not yet  discovered by DM searches.     

SU(2)L Y = 0

A scalar               eptaplet with               also does.SU(2)L Y = 0

(Other candidates can be cured via non-minimalities.)

M = 4.5 TeV

like proton 
stability



DM detection

production at colliders

direct detection

indirect

 from annihil in galactic halo or center
   (line + continuum)

from annihil in galactic halo or center

γ

from annihil in galactic halo or center

e
+

p̄

ν, ν̄ from annihil in massive bodies

like CDMS

EGRET, WMAP

HEAT

D̄ from annihil in galactic halo or center

in neutrino 
telescopes
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X XX
+

W

q q

W

Direct Detection

L
W
eff = (n2

−(1−2Y )2)
πα2

2

16MW

∑

q

[

(
1

M2
W

+
1

m2
h

)[X̄X ]mq[q̄q] −
2

3M
[X̄γµγ5X ][q̄γµγ5q]

]

Spin-Independent

∝

mq

M3
W

Spin-Dependent

∝

1

MMW

larger for higher n

X XX
+

W

q q

〈N |
∑

q

mq q̄q|N〉 ≡ fmN

(

f !

1

3

)

X X

W

h

q q

one-loop processes



Direct Detection

10 100 1000 104
DM mass in GeV

10-46

10-45

10-44

10-43

10-42

10-41

!
SI
(D
M
N
)i
n
cm

2

SUSY
CMSSM

CDMS bound

SuperCDMS C

Xenon 1ton

(NB: no free parameters => one predicted point per candidate)

scalar
eptaplet

fermionic 
quintuplet

[skip to conclusions]



Conclusions
The DM problem requires physics beyond the SM.

Introducing the minimal amount of it,
we find a few fully successful DM candidates:

massive, neutral, automatically  stable.

The “best” is the  
                  fermionic                quintuplet with             .

- can be found in next gen direct detection exp’s,
- could give signals in indirect detection exp’s,
- too heavy to be produced at LHC.

Its phenomenology is precisely computable:

SU(2)L Y = 0

(M = 4.5 TeV)

(Other candidates have different properties.)



Back-up slides



Non-Minimal terms in the scalar case
Quadratic and quartic terms in      and      :

λH(X ∗
T

a
XX ) (H∗

T
a
HH) + λ

′

H |X |2|H|2 +
λX

2
(X ∗

T
a
XX )2 +

λ′
X

2
|X |4

X H

- do not induce decays (even number of     , and              )〈X 〉 = 0X

- [3] and [4] do not give mass terms

[1] [2] [3] [4]

- after EWSB, [2] gives a common mass
  to all       components;
  negligible for 

√

λ′

H
v ≈ O(! 100 GeV)

Xi

M = O(TeV)

- after EWSB, [1] gives mass splitting 
  between       components; 
  assume                    so that    

Xi

∆Mtree =
λHv2|∆T 3

X
|

4M
= λH · 7.6 GeV

TeV

M

λH ! 0.01 ∆Mtree ! ∆M

(Anyway, scalar MDM is less interesting.) [back to Lagrangian]



e.g. mixing with an extra singlet splits the 2 components 
of     ; if splitting is large enough, NC scattering is 
kinematically forbidden... 

If you want to cure ill candidates...

: introduce some mechanism to forbid coupling with
  anyway

Y != 0

impose some symmetry to forbid decays (e.g. R-parity)...stability:

X

Z
0

Y

Z
0

X

NN

X
′

...the case of SuSy higgsino



Production at colliders

[skip to conclusions]

if       is a scalarX

if       is a fermionX
σ̂ud̄ =

gX g4
2(n2

− 1)

13824 πŝ
β ·

{

β2

3 − β2

(similarly        ,       ,       )σ̂uū σ̂dūσ̂dd̄

Large production for small       . M

LHC to produce heavy candidates.2×

A clean signature:

X± → X 0π± : Γπ = (n2
− 1)

G2
F
V 2

ud ∆M3f2
π

4π

√

1 −
m2

π

∆M2
, BRπ = 97.7%

X± → X 0e±(ν)
e : Γe = (n2

− 1)
G2

F
∆M5

60π3
BRe = 2.05%

X± → X 0µ±(ν)
µ : Γµ = 0.12 Γe BRµ = 0.25%

τ ! 44cm/(n2
− 1)

β =
√

1 − 4M2/ŝ
Quantum numbers DM can DM mass mDM± − mDM Events at LHC σSI in

SU(2)L U(1)Y Spin decay into in TeV in MeV
∫

L dt =100/fb 10−45 cm2

2 1/2 0 EL 0.43 ± 0.01 348 (0.7 ÷ 2) · 103 0.3
2 1/2 1/2 EH 1.2 ± 0.03 342 120 ÷ 260 0.3
3 0 0 HH∗ 2.0 ± 0.05 166 0.2 ÷ 1.0 1.3
3 0 1/2 LH 2.6 ± 0.06 166 0.4 ÷ 2.2 1.3
3 1 0 HH, LL 1.4 ± 0.03 540 11 ÷ 33 2.5
3 1 1/2 LH 1.8 ± 0.05 526 26 ÷ 80 2.5
4 1/2 0 HHH∗ 2.4 ± 0.06 353 0.1 ÷ 0.7 1.9
4 1/2 1/2 (LHH∗) 2.5 ± 0.06 347 3.6 ÷ 18 1.9
4 3/2 0 HHH 2.4 ± 0.06 729 0.1 ÷ 0.6 10
4 3/2 1/2 (LHH) 2.5 ± 0.06 712 2.7 ÷ 14 10
5 0 0 (HHH∗H∗) 5.0 ± 0.1 166 " 1 12
5 0 1/2 − 4.5 ± 0.1 166 " 1 12
7 0 0 − 8.5 ± 0.2 166 " 1 46

Table 1: Summary of the main properties of Minimal DM candidates. Quantum num-
bers are listed in the first 3 columns; candidates with Y #= 0 are allowed by direct DM searches
only if appropriate non-minimalities are introduced. The 4th column indicates dangerous decay
modes, that need to be suppressed (see sec. 2 for discussion). The 5th column gives the DM
mass such that the thermal relic abundance equals the observed DM abundance (section 4). The
6th column gives the loop-induced mass splitting between neutral and charged DM components
(section 3); for scalar candidates a coupling with the Higgs can give a small extra contribu-
tion, that we neglect. The 7th column gives the 3σ range for the number of events expected at
the Large Hadron Collider LHC (section 6). The last column gives the spin-independent cross
section, assuming a sample vale f = 1/3 for the uncertain nuclear matrix elements (section 5).

For each potentially successful assignment of quantum numbers we list in table 1 the main
properties of the DM candidates.

The ‘decay’ column lists the decay modes into SM particles that are allowed by renormaliz-
ability, using a compact notation. For instance, the scalar doublet in the first row can couple as
XiLjβEαεijεαβ where L is a SM lepton doublet, E is the corresponding lepton singlet, i, j are
SU(2)L-indices, α, β are spinor indices, and ε is the permutation tensor; therefore the neutral
component of X can decay as X0 → eē. For another instance, the fermion doublet in the second
row can couple as XαiEβHjεijεαβ, where H is the Higgs doublet: its neutral component can
decay as X0 → eh.

In general, one expects also non-renormalizable couplings suppressed by 1/Λp (where Λ is an
unspecified heavy cut-off scale, possibly related to GUT-scale or Planck-scale physics). These
give a typical lifetime τ ∼ Λ2p TeV−1−2p for a particle with TeV-scale mass. In order to make τ
longer than the age of the universe, dimension-5 terms (i.e. p = 1) must be effectively suppressed
by Λ & MPl, while dimension-6 operators (i.e. p = 2) are safe for Λ >∼ 1014 GeV. Therefore in
table 1 we also list (in parenthesis) the potentially dangerous dimension-5 operators.

One sees that for low n (upper rows of table 1) the multiplets can interact with and decay
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Interlude: the “DMtron”
Can one have   CC DM interactions?
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X X
+

Need to provide  ∆M = MX+ − MX = 166 MeV

(tree level!)

Accelerate nuclei and 
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[skip to conclusions]
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[
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Indirect Detection
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Figure 1: Cross sections, σv, of the annihilation of the wino-like neutralinos into

W+W− (left figure) and ZZ (right figure) in a non-relativistic limit. The mass

difference between the wino-like neutralino and chargino is set to be 0.1 GeV. For

comparison, the cross sections at the leading order in perturbation are shown as

dashed lines. The bound state resonances appear around 2 TeV and 8 TeV.

in the perturbation, and the cross sections are suppressed. However, the transition

between the neutralino pair state and the chargino pair state is not suppressed

due to the non-perturbative effect for m >
∼ 1 TeV, so that the cross sections are

enhanced. When evaluating the positron and antiproton fluxes from the wino-like

neutralino annihilation in the galactic halo, we need to include the contribution of

the annihilation into Z bosons, in addition to that into W bosons.

If the relic abundance of the wino-like neutralino in the universe is explained by

the thermal scenario, the mass consistent with the WMAP observation is around

2 TeV [9]. It is intriguing that this value is coincident with the mass corresponding

to the resonant annihilation as shown in Fig. 1. On the other hand, the wino-like

neutralino DM is also produced by non-thermal processes such as the moduli decay

[14, 15]. Furthermore, the late time entropy production by, for example, the thermal

inflation [16] may decrease the amount of the DM. In these cases, the mass of the

wino-like neutralino consistent with the DM observations may be deviated from

2 TeV.

In this paper, while the heavy wino-like neutralino with mass around 2 TeV

is noticed, we discuss the positron and antiproton signatures from the neutralino

annihilation without peculiar masses specified for completeness. Thus, we assume

4

Figure 4: Dominant diagram in the Wino- or Higgsino-like neutralino annihilation at

O(ααn
2 ), in which n weak gauge bosons are exchanged.

Thus, the one-loop cross section exceeds the bound for the extremely heavy neu-

tralino. It means that the higher-order corrections should be included. The domi-

nant higher-order contribution comes from the ladder diagrams. The n-th order (αn
2 )

ladder diagram, in which n weak gauge bosons are exchanged, is depicted in Fig. 4.

The corresponding amplitude An of the diagram is roughly given by

An ! α

(

α2m

mW

)n

. (12)

When the neutralino mass m is large enough, the diagrams are enhanced by a factor

of α2m/mW for each weak gauge boson exchange. The higher-order loop diagrams

become more and more important when α2m >∼mW .

Enhancement of ladder diagrams in non-relativistic limits is related to a threshold

singularity. Recall that a threshold singularity appears in the non-relativistic µ+µ−

pair annihilation cross section. When the relative velocity v of the muon pair is

smaller than α, the amplitude of the n-order ladder diagram, in which n photons are

exchanged between the muon pair, is proportional to α(α/v)n, and the perturbative

expansion by α breaks down. The internal muons are close to non-relativistic on-

shell states. The muon and photon propagaters are proportional to 1/v2 and each

loop integration gives αv5. Thus, the diagrams are enhanced by α/v for each photon

exchange. This is because the kinetic energy of muon pair, mµv2/4, is smaller than

the Coulomb potential energy, α2mµ, and the wave function of the incident particles

is deformed from plane waves. We need to systematically resum the ladder diagrams

or to use the wave function under the Coulomb potential in order to get the precise

annihilation cross section.

In the non-relativistic EWIMP pair annihilation, the sub-diagram corresponding

to the process χ̃0χ̃0 → χ̃+χ̃− in each ladder diagram is very close to the threshold

10

resonances  match         for n = 3M

e.g.

Enhanced cross section in vector bosons due to resummed diagrams 
when Non-Relativistic           are a “bound state”:X̄X

Hisano et al., 2004,
Hisano et al., 2005

Signal in    : promising at neutrino telescopesν

Signal in              : promising if enhancedp̄, e
+
, γ

i.e.   ,   ,    ,   ,      from MDM annihilations in halo or body.ν p̄ e
+

γ D̄

α2MW ∼ ∆M ≈ EB ∼ α
2

2M

keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/22.MDM/MDM.key?id=BGSlide-49


Comparison with SplitSuSy-like models
Arkani-Hamed, Dimopoulos  and/or Giudice, Romanino 2004

Arkani-Hamed, Dimopoulos, Kachru 2005
Mahbubani, Senatore 2005

MDMSplitSuSy-like

- mainly Higgsino (a fermion doublet)

-   + something else (a singlet)

- stabilization by R-parity

- want unification also

- unification scale is low, 
  need to embed in 5D 
  to avoid proton decay 

- arbitrary multiplet, scalar or fermion

- nothing else (with Y=0)

- automatically stable

- forget unification, it’s SM

- nothing

Common feature: the focus is on DM, not on SM hierarchy problem.

Mahbubani, Senatore 2005


