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What is the mass of DM?

If
• thermal freezeout or 
• asymmetric (sphaleron) mechanism 
is right...



126 Thermodynamics and Expansion
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Fig. 5.1: The freeze out of a massive particle species. The dashed line is the actual

abundance, andthe solid line is the equilibrium abundance.

In some circumstances the annihilation cross section may be better

approXimated by (UA/V/) = + b3;-m), e.g., if both s-wave and p-
wave annihilation processes are important. The modification to (5.45) is
straightforward to compute: Yoo -+ Yoo /[I+(n+l)b3;i

m/(m+n+I)], and

zJ -+ zJ + In[1 +
As with a hot relic, the present number density and mass density of

relic 1/;'s is easy to compute,

n"po sOYoo = 2970Yoo cm-
3

(n + I)zn+l
1.13 X 10

4
1/2 I cm-

3

(9*5/9* )mpl m eTo

(n + 1)3;n+l GeV-1
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9 /;2
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(5.46)
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It is very interesting to note that the relic density of 1/;'s is inversely

.Γ  H~

Γ » H

Γ « H

Thermal Freezout

Ωh2 ≈ 0.1 ———1 pb
‹σv›implies

So then, where does 1 pb scale come from?



Thermal Freezout

For  <σv> ≈ 
g4

32π M2

  Ωh2  ≈ 0.1 M
1 TeV( )

2

1 pb implies 1 TeV mass scale for 
weakly interacting DM.
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Plug in to get abundance:



Figure 1: The three bands show the contribution to Ωh2 from pure Bino LSP with 0.3 <
M1/mẽR

< 0.9 (red band), Higgsino LSP with 1.5 < mt̃/µ < ∞ (blue band) and Wino LSP
with 1.5 < m!̃L

/M2 < ∞ (green band).

but early enough not to upset the nucleosynthesis predictions. The final relic abundance will

of course depend on the initial gravitino density or, ultimately, on TRH .

1.3 Wino

The Wino can be the LSP in anomaly mediation [18, 19]. In the case of pure state, the

dominant annihilation is into gauge bosons, with a contribution from fermion–antifermion

channel through scalar exchange. Coannihilation among the different states in the Wino

weak triplet is important. In the limit in which the Wino mass M2 is larger than MW , the

effective annihilation cross section and the Wino contribution to Ω are well approximated

by (see appendix A)

〈σeffv〉 =
3g4

16πM2
2

, (6)

ΩW̃ h2 = 0.13
(

M2

2.5TeV

)2

. (7)
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Example 1:  SUSY Neutralino Abundance

Arkani-Hamed, Delgato, Giudice

m(sleptR)
M1

_______ = 
 0.3

0.9



Example 2:  KK B Abundance

Servant, Tait;
Burnell, GK
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Figure 1: Prediction for ΩB(1)h2 as a function of the KK mass (when neglecting coannihila-
tion). The upper horizontal region delimits the values of Ωh2 above which the contribution
from B(1) to the energy density would overclose the universe. The lower horizontal band
denotes the region Ω = 0.33 ± 0.035 (using h = 0.69 ± 0.06) and defines the KK mass
window if all the dark matter is to be accounted for by the B(1) LKP.

that the KK mass must lie in the range mKK ∼ 900 − 1200 GeV, with a corresponding
freeze-out temperature of order TF ∼ 36 − 48 GeV. These results are slightly above the
experimental bounds on universal extra dimensions from precision electroweak data and
collider searches (∼ 350 GeV for one extra dimension [5]), and imply that provided the
fermion KK modes are not very much heavier than the B(1), future collider experiments
will be able to study the region relevant for dark matter.

5 ν(1) without Coannihilation

The situation is slightly more intricate in the case where the the neutrino is the LKP. To
begin with, we now have a relic density composed of both the ν(1) and its anti-particle,
both of which annihilate among themselves as well as with each other. We assume that
there is no cosmic asymmetry between particle and anti-particle in the analysis below.

10

≈ 850 GeV

<σv> ≈ αY2/M2  x  ∑ Y4



From a purely DM point of view...

m(DM)  ≈  1-2 TeV

is natural for electroweak-strength 
interactions with matter to give 
the correct thermal abundance.



Abundance from an Asymmetry



Dark Matter from Asymmetry

Old idea to relate:

Dark Matter Number Baryon Number

Nussinov;
Barr, Chivukula, Farhi;
DB Kaplan;
...



Example:  Technicolor

Candidate:  Lightest technibaryon

MTB  ≈  4πv  ≈  1 TeV

Nussinov;
Chivukula, Walker;
...

t
t

Technibaryon is gauge singlet
(scalar or fermion)

TB number is accidental global symmetry, 
analogous to baryon number.

...



Technibaryon Abundance

Naively, if nTB ≈ nmatter,

MTB  ≈  ———— mbaryon  ≈  5 mproton ≈ 5 GeV
ρTB
ρbaryon

But...



Technibaryon Abundance Redux

Barr, Chivukula, Farhi (1990) realized 

play a nontrivial role in redistributing B,L,TB number
among chiral electroweak doublets above and near 
the EW phase transition.

sphalerons



Technibaryon Abundance Redux

T » m 

TEWPT ≈ T ‹ mTB 

T « TEWPT 

Sphalerons active; continually 
redistributing B,L,TB number

Heavy asymmetric particle number 
densities get Boltzmann suppression
   nTB  ≈  nB exp[-MTB(T)/T]

Sphalerons shut off,
   nTB  ≈  nB exp[-MTB(TEWPT)/TEWPT]
“frozen” in.

T »» m Baryo/lepto/techno-genesis



Asymmetric DM Abundance
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Asymmetric DM, when connected
to EW physics through EW sphalerons,

predicts

Models include both technibaryons,
and quirkybaryons

m(DM)  ≈  1 TeV

GK, Roy, Terning, Zurek 2009



Central Lesson

Well known mechanisms that generate the 
correct DM relic abundance work naturally for

 
m(DM)  ≈  1-2 TeV

This ought to serve as a strong motivation for 
multi-TeV colliders (LHC, MC, CLIC) as a tool 

to explore this regime.



Correlated Signals

Technibaryons & quirkybaryons have mesons, which 
can be produced and decay into SM resonances.

The meson masses, production source, and decay 
modes are model-dependent.  



Correlated Signals

Wino of MSSM, with mass ≈ 2 TeV difficult at LHC.  
(All superpartners heavier.)  Neutral wino 
accompanied by charged wino isotriplet partners.

∆m  ≈  0.16 GeV  (1-loop EM effect)

charged wino -> neutral wino can be long lived,
decay length cτ ≈ 0.1-1 m, leaving charged tracks
in the detector.


