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But not the usual pions 



Introduction 

 DM makes ~ 23% of the mass-energy content of the universe 

 

 

 

 

 

 

 

 

 

 

 No direct evidence, only gravitational footprints 

 

Dark energy

Dark matter

Gas

Stars & etc.
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We are here 

(Most) politicians are here 
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# of papers 

 Enormous interest in the community: 

 

 

 

 

 

 

 

 

 

 

 

 Many models: 
 SUSY based (DM = LSP) 

 Higher dimensional models (a first KK mode) 

 SM extensions (anything stabilized by a symmetry) 

 

 Also: a phenomenological approach: 

LDM£SM »ODM£OSM
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The model 

mediators 

Dark sector 

SM sector 

Many particles 
 

Assumptions:  

• DM = the lightest dark particle 

• DM = a (pseudo) Goldstone boson 

                  (a scalar for simplicity) 

• All dark particles are SM-gauge singlets 

Assumed heavy & not observed 
 

 Construct the lowest dimensional operators using the DM  bosons 

 Construct the lowest dimensional operators using the SM  fields 
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LDM£SM »ODM£OSM
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Lowest-dimensional SM operators:  | Á |2  B¹º 
 

) Effective Lagrangian 

 

 

 

 

Le® = LDM+ jÁj2ODM+B¹ºO¹º
DM

Non-linear ¾ model 

For simplicity:  
SU(N)L £ SU(N)R 

 Need a mass term for the DM pions: 

 (dark chiral symmetry explicitly broken) to SU(N)V 

 

  )  Require the dark effective operators to be SU(N)V invariant 



LDM = f2 tr
©
@¹§

y @¹§
ª
+

1

2
f2
¡
M2tr§+H:c:

¢
:

 Dark pion field: 

 

 

 Conventions 

 

 

 

 

 

 Dark-pion Lagrangian 

§= exp(i¼aT
a=f):

² trfTaTbg = ±ab.

² [Ta; Tb] = ifab
cTc.

² f = dark-pion decay constant (units of mass).
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 DM-SM interactions 

 

 

 

 

 

 

where v  = h Á i » 174 GeV 

 

 

 The first term: full SU(N)L £ SU(N)R invariant 

 The other two terms invariant under the diagonal SU(N)V 

 The ¼a are triplets under SU(N)V 

Lint =
1

2
¸h
¡
jÁj2 ¡ v2

¢
tr
©
@¹§

y @¹§
ª

+B¹º
¡
¸V tr

©
§y@¹§ @º§

yª+H:c:
¢

:

+
1

2
f2¸0h

¡
jÁj2 ¡ v2

¢
(tr§ + H:c:)
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 Expansion in powers of the ¼: 

  ¼-h interactions 

  ¼-Z/° interactions 

  ¼-¼ interactions 

¹2 =
6N2 ¡ 4

N2(N2 + 1)
M2

L =
1

2
(@¼)2 ¡ 1

2
M2¼2

+
¸h

f2

µ
vhp
2
(@¼)2 +

1

4
h2(@¼)2

¶

+¸0h

µ
vhp
2
¼2 +

1

4
h2¼2

¶

¡¸V

f3
B¹ºfabc@¹¼a @º¼b ¼c

+
N

16f2(N2 ¡ 2)

£
(@¼2)2 ¡ ¹2(¼2)2

¤
:

Usual Higgs 

portal coupling 
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Thermal History 

 Boltzmann equation 

 

 

 

 

 

 

 Neglect quantum statistics 

 Assume SM remains in equilibrium 

 Write the BE in terms of: Y = n/s   (s = entropy density) 

 Simplify to the case N=2:  ¼§ , ¼o 

 One conserved charge: q = Y─   ─   Y+ 

 ) need only equation for Y+ and Yo 

9 

_na + 3Hna = ¡Ca ;

Ca =
X

b;c;d

Z
d©jAa+b!c+dj2(fafb ¡ fcfd) ;

d© = d¦a d¦b d¦c d¦d(2¼)
4±(4)(pa + pb ¡ pc ¡ pd) ;
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dYr

dx
= ¡

r
¼g(T )

45G

M

x2
Cr(Y ) ; Cr(Y ) =

1

s2
Cr ; (r = o;§)

 Explicitly: 

 

 

 

with x = M/T 

 

 Collision terms 

Co(Y ) =
³
Y 2
o ¡ Y (eq)

o

2
´
h¾vi¼o¼o!SM +

¡
Y 2
o ¡ Y+Y¡

¢
h¾vi¼o¼o!¼+¼¡

+
h
YoY

(eq)
o ¡ Y+Y¡ + (Y+ + Y¡)(Yo ¡ Y (eq)

o )
i
h¾vi¼+¼¡!¼oV

;

C§(Y ) =
³
Y+Y¡ ¡ Y (eq)

o

2
´
h¾vi¼o¼o!SM +

¡
Y+Y¡ ¡ Y 2

o

¢
h¾vi¼+¼¡!¼o¼o

+
³
Y+Y¡ ¡ YoY

(eq)
o

´
h¾vi¼+¼¡!¼oV

;



 Boundary conditions: Y ! Yeq as x  1 

 For q ≠ 0 use 

 

 

 

 

 Abundance: given by Yt; its BE is even under q $ –q and 

 

 

 

 

 

 

 The WMAP/PLANCK constraint is then  

 

 

 

 

 

 

11 

Yt = Yo + Y+ + Y¡ ;

Yd =
Y+ + Y¡

2
¡ Yo ;

q = Y¡ ¡ Y+
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:

µ
@Yt

@q2

¶

q=0

¯̄
¯̄
¯
x=xi

> 0 and
d

dx

µ
@Yt

@q2

¶

q=0

> 0

) Yt(q = 0; x) < Yt(q 6= 0; x)

) DM(f; M; ¸h; ¸V ; q = 0) < DM(f; M; ¸h; ¸V ; q) :W W 

DM(f;M;¸h; ¸V ; q = 0) < CDM :W W 



 Numerically  

 q < 10-13 : irrelevant 

 q > 10-12 : dominates WDMP: 

 

 

 

 

 q: 10-12 to 10-13 : same order as Y 
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3:4£ 10¡10

M=GeV
< jqj <

4:7£ 10¡10

M=GeV
M < 100GeV



Constraints on the model 
 No large deviations in Higgs decays: ¡(h ! ¼ ¼ ) < 4 MeV 

 

 

 

 

 

 

 

 

 

 

 Perturbativity (consistency of the model) 
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f > 5:9j¸hj1=2j7812:5¡M2j1=2
h
1¡ (M=62:5)

2
i1=8

(M < 62:5 [GeV])

f ¸ maxf
p
4¼¸V ; 1gM

4¼



 CMD: 0.094 · W DM h2 · 0.130 

 

 

 

 Direct detection:XENON100 sees nothing (no explanation for DAMA/LIBRA) 
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4:04£ 10¡7 ·

µ
¸h M

f2

¶2
+ 0:93

µ
¸V M2

f3

¶2
· 5:59£ 10¡7±q;0

f > 562:3j¸hj1=2



Combined results: colored regions allowed by XENON100  
(darker: XENON1T projected allowed regions) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¸V = 0.0023 and ¸h = 0, 0.5 , … 3 
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q=0 q≠0 



Conclusions 

 The model works in wide ranges of parameter space 

 Y1 is M-dependent 

 Nice scaling behavior in W: depends on only on the combinations:  

¸h M / f2 and ¸V M2 / f3 

 Low M region require ¸ h ¿ 1 (and there is a Z  3 ¼ constraint) 

 No easy explanation for the DAMA/LIBRA effects 
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Thank you! 
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Extra slides 
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Some details 

  Â pert theory: 4 ¼ f ¸ [ max{ 4 ¼ ¸V , 1 } ]1/2  M  

 

 

 

 

 

 Mild constraints from h ! ¼¼ and Z ! ¼¼¼ 

 Ineractions w/SM via 

  ¼ Z $ ¼¼ 

  ¼¼ $ h* ! WW, ZZ, hh, ff 

  ¼¼ $  hh  (via t-channel ¼ and contact interactions) 

 We ignore the portal interaction (well studied already) 

 Exact chiral symmetry ! N conserved currents  

19 

Wudka - Ustron 13 



  ¼ ¼ ! SM reactions 

 

 

 

 

 

 

 

  ¼¼ ! ¼ ¼ reactions 

 

 

 

  ¼¼ ! Z/° ¼ reactions 
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