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Motivation

The ÒWIMP miracleÓ:
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From Kolb & Turner

# DM h2=0.110±0.006

Typical weak scale cross section: 

Seems to automatically work
with SUSY being leading candidate
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FIG. 4: WIMP-nucleon cross section upper limits (90% C.L.)
versus WIMP mass. The upper CDMS Ge curve also uses
data from the current run, while the lower Ge curve in-
cludes the previous run [6]. Supersymmetric models allow
the largest shaded (light-blue) region [15], and the smaller
shaded (green) region [17]. The shaded region in the upper
left (see text) is from DAMA [18], and experimental limits
are from DAMA [16], EDELWEISS [19], and ZEPLIN [20].
(Color online.)

Figure 4 shows the upper limits on WIMP-nucleon
cross sections calculated from the Ge and Si analyses
reported here using standard assumptions for the galac-
tic halo [8]. For the upper Ge limit, data between 10Ð
100 keV from this run are used. Also shown is the com-
bined limit obtained from this report and our earlier work
[6, 7]. For the combined Ge limit, we have included data
in the 7Ð10 keV interval of recoil energy from the run
reported here [21]. The combined result for Ge limits
the WIMP-nucleon cross-section to < 1.6 ! 10−43 cm2

at the 90% C.L. at a WIMP mass of 60 GeV/c2, a fac-
tor of 2.5 below our previously published limits. This
new Ge limit constrains some minimal supersymmet-
ric (MSSM) parameter space [15] and for the Þrst time
excludes some parameter space relevant to constrained
models (CMSSM) [17].

The Si limit in Fig. 4 is based on standard halo as-
sumptions using Si data from 7Ð100 keV in this run.
The Si result limits the WIMP-nucleon cross-section to
< 3! 10−42 cm2 at the 90% C.L. at a WIMP mass of
60 GeV/c2. This Si result excludes new parameter space
for low-mass WIMPs, including a region compatible with
interpretation of the DAMA signal (2Ð6 and 6Ð14 keVee
bins) as scattering on Na [18].

This work is supported by the National Science Foun-
dation under Grant Nos. AST-9978911 and PHY-
9722414, by the Department of Energy under contracts
DE-AC03-76SF00098, DE-FG03-90ER40569, DE-FG03-
91ER40618, DE-FG02-94ER40823, and by Fermilab, op-
erated by the Universities Research Association, Inc., un-
der Contract No. DE-AC02-76CH03000 with the Depart-

ment of Energy. The ZIP detectors were fabricated in the
Stanford Nanofabrication Facility operated under NSF.
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FIG. 4: 90% C.L. upper limits on the WIMP-nucleon spin-
independent cross section as a function of WIMP mass. The
red (upper) solid line shows the limit obtained from the ex-
posure analyzed in this work. The solid black line shows
the combined limit for the full data set recorded at Soudan.
The dotted line indicates the expected sensitivity for this ex-
posure based on our estimated background combined with
the observed sensitivity of past Soudan data. Prior results
from CDMS [11], EDELWEISS II [12], XENON10 [13], and
ZEPLIN III [14] are shown for comparison. The shaded re-
gions indicate allowed parameter space calculated from cer-
tain Minimal Supersymmetric Models [20, 21] (Color online.)

a doubling of previously analyzed exposure, the observa-
tion of two events leaves the combined limit, shown in
Fig. 4, nearly unchanged below 60 GeV/c2 and allows
for a modest strengthening in the limit above this mass.

We have also analyzed our data under the hypothesis
of WIMP inelastic scattering [23], which has been pro-
posed to explain the DAMA/LIBRA data [24] . We com-
puted DAMA/LIBRA regions allowed at the 90% C. L.
following the ! 2 goodness-of-Þt technique described in
[25], without including channeling e! ects [26]. Limits
from our data and that of XENON10 [27] were com-
puted using the Optimum Interval Method [22]. Re-
gions excluded by CDMS and XENON10 were deÞned
by demanding the 90% C. L. upper limit to completely
rule out the DAMA/LIBRA allowed cross section in-
tervals for allowed WIMP masses and mass splittings.
The results are shown in Fig. 5. The CDMS data dis-
favor all but a narrow region of the parameter space al-
lowed by DAMA/LIBRA that resides at a WIMP mass
of ∼100 GeV/c2 and mass splittings of 80Ð140 keV.

The data presented in this work constitute the Þnal
data runs of the CDMS II experiment and double the
analyzed exposure of CDMS II. We observed two can-
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FIG. 5: The shaded green region represents WIMP masses
and mass splittings for which there exists a cross section com-
patible with the DAMA/LIBRA [24] modulation spectrum
at 90% C. L. under the inelastic dark matter interpretation
[23]. Excluded regions for CDMS II (solid-black hatched) and
XENON10 [27] (red-dashed hatched) were calculated in this
work using the Optimum Interval Method. (Color online.)

didate events. These data, combined with our previous
results, produce the strongest limit on spin-independent
WIMP-induced nuclear scattering for WIMP masses
above 42 GeV/c2 ruling out new parameter space.

The CDMS collaboration gratefully acknowledges
the contributions of numerous engineers and techni-
cians; we would like to especially thank Jim Beaty,
Bruce Hines, Larry Novak, Richard Schmitt and Astrid
Tomada. This work is supported in part by the Na-
tional Science Foundation (Grant Nos. AST-9978911,
PHY-0542066, PHY-0503729, PHY-0503629, PHY-
0503641, PHY-0504224, PHY-0705052, PHY-0801708,
PHY-0801712, PHY-0802575 and PHY-0855525), by the
Department of Energy (Contracts DE-AC03-76SF00098,
DE-FG02-91ER40688, DE-FG02-92ER40701, DE-FG03-
90ER40569, and DE-FG03-91ER40618), by the Swiss
National Foundation (SNF Grant No. 20-118119), and
by NSERC Canada (Grant SAPIN 341314-07).

[1] E. Komatsu et al. (WMAP), Astrophys. J. Suppl. 180,
330 (2009).

[2] G. Steigman and M. S. Turner, Nucl. Phys. B253 , 375
(1985).

[3] B. W. Lee and S. Weinberg, Phys. Rev. Lett. 39, 165
(1977).

[4] S. Weinberg, Phys. Rev. Lett. 48, 1776 (1982).

CDMSII 2009  results

! SI
1nucl ! 10! 43 cm2

Time evolution of the MSSM predictions



5

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P

-N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P

-N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

DAMA/I

DAMA/Na

CoGeNT

CDMS

EDELWEISS

XENON100 (2010)

XENON100 (2011) Buchmueller et al.

FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
! as function of WIMP mass m! . The new XENON100 limit
at 90% CL, as derived with the ProÞle Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1 ! and 2!
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [ 6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km / s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [ 19].

and a density of ! ! = 0 .3 GeV/ cm3. The S1 energy res-
olution, governed by Poisson ßuctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties invesc are proÞled out and
incorporated into the limit. The resulting 90% conÞdence
level (CL) limit is shown in Fig. 5 and has a minimum
" = 7 .0! 10! 45 cm2 at a WIMP mass of m! = 50 GeV/ c2.
The impact of L eff data below 3 keVnr is negligible at
m! = 10 GeV/ c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1" and 2" region. Due to the presence of
two events around 30 keVnr, the limit at higher m! is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m! = 100 GeV/ c2 WIMP, of 1471 kg ! days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [ 19] and CoGeNT [18]
results as being due to light mass WIMPs.
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Assuming a coupling of the form

Generic Higgs exchange size

6.1.2 Coupling to quarks via Higgs exchange

In Sect. 2.2 we showed that after EWSB is natural to expect a non vanishing coupling between!
and the lightest neutral Higgs bosonh

L h = ch
vEW q2

2f2
(ø! i" µ#µ! )h . (6.3)

The size of the couplingch depends on the speciÞc realizations.
The Higgs coupling to nucleons is set by the Yukawa interactionscqmq/(

!
2vEW )høqq. The

nuclear matrix elements for the light quarks are
!

q= u,d,s

cqmq"N |øqq|N#= MN

!

q= u,d,s

cqf
(N )
q , (6.4)

while the contribution of heavy quarks is [7]

!

q= c,b,t,...

cqmq"N |øqq|N#=
2
27

MN (1 $
!

q= u,d,s

f (N )
q )

!

q�= c,b,t,...

cq� (6.5)

wherecq can be a mixing angle in the presence of more Higgs bosons. Integrating out the Higgs
boson we get an e! ective 4-Fermi interaction to nucleons

L eff
! N =

G! N

m!

øNN ø! i" µ#µ! = G! N
øNN ø!! G! N = ch

$N

2
!

2

"
m! MN

m2
hf

2/q2

#
(6.6)

where$N is the e! ective nucleon Yukawa,yN MN /(
!

2vEW ) øNNh,

$N =
!

q= u,d,s

cqf
(N )
q +

2
27

(1 $
!

q= u,d,s

f (N )
q )

!

q�= c,b,t,...

cq� (6.7)

At zero momentum transfer the scattering cross section per nucleon is

%SI
higgs =

1
2&

c2
h$2

N

µ2m2
! M2

N

m4
hf

4/q4
% c2

h & 10! 45 cm2

"
115 GeV

mh

# 4 "
700 GeV

f/q

# 4 $ m!

60 GeV

%2 $ µ

1 GeV

%2
(
$N

0.5
)2

(6.8)

just about an order of magnitude or more below the XENON bound. This cross-section should
be compared to a generic Higgs mediated neutralino nucleon cross section

%SI
MSSM '

2c2g2

&
$2

N µ2M2
N

m4
hv

2
EW

% 5c2 & 10! 42 cm2 (6.9)

whereL % cg/2ø!! h. We can see that the GFDM is generically smaller by the suppression factor
m2

! v2/f4, bringing it safely below the XENON bound.
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•Already too large generically for XENON bound

•Need some way to naturally suppress this within SUSY
while maintaining successful abundance prediction

•If LSP a Goldstone boson:  additional suppression
via derivative coupling p2/f2! (m"  v/f2) could bring it into right
ballpark



Motivation II.
¥Interesting extension of MSSM that lead to Òburied higgsÓ
type models

¥Additional global symmetry broken at f ~ 500 GeV

¥Goldstone a coupled to Higgs via 

¥Giving rise to                          decays Òburied higgsÓ

¥Original model based on SU(3) global symmetry

¥Simplified version: just a U(1) global symmetry

¥Could the fermionic partner of a be the LSP? 

1
f 2 h2! µ a! µ a

h ! 2a ! 4j

(Bellazzini, C.C., Falkowski, Weiler)

(Luty, Phalen, Pierce)



The Model
¥Assume U(1) global symmetry broken at scale f (~500 GeV-
1 TeV)

¥Assume global breaking supersymmetric

¥Coupling to SM via 

- Anomalies mediated by heavy vectorlike SM fields

- Mixing with the Higgs  



W = SHu Hd

W = N ! ø!

Simplest Example
¥Global breaking:

¥Anomalous coupling:
($ carries SM quantum numbers) 

¥ Mixing with Higgs via

¥At this stage SUSY unbroken, massless Goldstone
multiplet 

W = yS(N øN − µ2)

1 Introduction

Blah blah blah.

2 Goldstones

We consider a supersymmetric gauge theory with a global U(1) symmetry that is broken by Þelds
! i which obtain vevsf i . The e! ective symmetry breaking scale is

f 2 =
!

i

q2
i f 2

i , (2.1)

where qi is the U(1) charge of! i . In the limit of unbroken supersymmetry, the theory has a
massless Goldstone chiral superÞeld

A =
1

!
2

(s + ia) +
!

2"# + " 2F , (2.2)

which is the low-energy degree of freedom of the high-energy Þelds,

! i = f i eqi A/f . (2.3)

We refer to the component Þelds as theGoldstone bosona, the sGoldstones, and the Goldstone
fermion #. In models where the U(1) is a Peccei-Quinn symmetry, these are typically called the
axion, saxion, and axino, respectively. The mass of the CP-odd scalara is directly protected by
the Goldstone theorem while thes and ÷a masses are, in turn, protected by supersymmetry.
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whereq is a conventionally chosen U(1) charge of the theory. Once a reference charge is chosen,
there is no ambiguity in this expansion since the combinationq/f is well deÞned and invariant
under charge rescaling. After integrating out the auxiliary Þelds the general form of the Lagrangian
is
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whereK (n) = ! nK/ ! An. Each term in this Lagrangian admits a geometrical interpretation on a
curved K¬ahler manifold [18]. In particular,K (3) and K (4) represent the a! ne connection and the
curvature tensor respectively. Expanding the Lagrangian in inverse powers ofq/f yields (in Dirac
4-component notation)
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The coe! cients b1,2,... completely characterize the self-interactions of the Goldstone multiplet in
the symmetric limit.

The b1 coe! cient is particularly important for the dark matter abundance since it controls
the size of the"" a vertex. Its value can be determined at tree-level in terms of the high energy
Þelds%i . The tree-level contribution to b1 can be determined by comparing (2.5) to the canonical
K¬ahler potential of the high-energy Þelds%i ,
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Note that in the absence of explicit U(1)-breaking terms,A does not get a vev andK is canonically
normalized with respect to the Goldstone superÞeld. All Goldstone self-interactions are calculable
from the physical K¬ahler metric,
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In particular, the tree-level contribution to the b1 coe! cient is given by
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/f 2 , (2.10)

where q is chosen to be the smallestU(1) charge among the Þelds that obtain vevs. Note that
b1 is invariant under overall charge scaling. In simple models with just two Þelds" ± of opposite
charge,b1 is bounded,! 1 # b1 # 1. In general, however, there is no such restriction onb1 in
theories with more Þelds or with dynamical U(1) breaking.
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where q is chosen to be the smallestU(1) charge among the Þelds that obtain vevs. Note that
b1 is invariant under overall charge scaling. In simple models with just two Þelds" ± of opposite
charge,b1 is bounded,! 1 # b1 # 1. In general, however, there is no such restriction onb1 in
theories with more Þelds or with dynamical U(1) breaking.

2



Effective KŠhler Interactions

¥b1 particularly important determines !!a interaction

¥Starting from canonical potential

¥General expression

¥For two fields -1%b1%1

¥Interaction with Higgs

¥After higgs VEV h-s mixing, usual h"aa decay etc.

whereq is a conventionally chosen U(1) charge of the theory. Once a reference charge is chosen,
there is no ambiguity in this expansion since the combinationq/f is well deÞned and invariant
under charge rescaling. After integrating out the auxiliary Þelds the general form of the Lagrangian
is

L = K (2) (s)
!

1
2

! µs! µs +
1
2

! µa! µa +
i
2

"   ø#µ! µ" !
i
2

! µ"   ø#µ"
"

(2.6)

!
1

"
2

K (3) (s)
#
"   ø#µ"! µa

$
+

1
4

%

K (4) (s) !
K 2

(3) (s)

K (2) (s)

&

("" )("   "   ) ,

whereK (n) = ! nK/ ! An. Each term in this Lagrangian admits a geometrical interpretation on a
curved K¬ahler manifold [18]. In particular,K (3) and K (4) represent the a! ne connection and the
curvature tensor respectively. Expanding the Lagrangian in inverse powers ofq/f yields (in Dirac
4-component notation)

L =

%

1 + b1

"
2q
f

s + b2
q2

f 2
s2 + . . .

& !
1
2

! µs! µs +
1
2

! µa! µa +
i
2

ø"$ µ! µ"
"

(2.7)

+
1

2
"

2

%

b1
q
f

+ b2

"
2q2

f 2
s + . . .

&
#

ø"$ µ$5"
$

! µa +
1
16

q2

f 2

#
b2 ! b2

1 + . . .
$ '

(ø"" )2 ! (ø"$ 5" )2
(

.

The coe! cients b1,2,... completely characterize the self-interactions of the Goldstone multiplet in
the symmetric limit.

The b1 coe! cient is particularly important for the dark matter abundance since it controls
the size of the"" a vertex. Its value can be determined at tree-level in terms of the high energy
Þelds%i. The tree-level contribution to b1 can be determined by comparing (2.5) to the canonical
K¬ahler potential of the high-energy Þelds%i,

K =
)

i

% 
i %i =

)

i

f 2
i eqi (A+ A  )/f . (2.8)

Note that in the absence of explicit U(1)-breaking terms,A does not get a vev andK is canonically
normalized with respect to the Goldstone superÞeld. All Goldstone self-interactions are calculable
from the physical K¬ahler metric,

K A 

A =
1
f 2

)

i

f 2
i q2

i eqi (A+ A  )/f = 1 +
(A + A  )

f

%
)

i

q3
i f 2

i

&

/f 2 + . . . . (2.9)

In particular, the tree-level contribution to the b1 coe! cient is given by

b1 =
1
q

%
)

i

q3
i f 2

i

&

/f 2 , (2.10)

where q is chosen to be the smallestU(1) charge among the Þelds that obtain vevs. Note that
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The coe! cients b1,2,... completely characterize the self-interactions of the Goldstone multiplet in

the symmetric limit.

The b1 coe! cient is particularly important for the dark matter abundance since it controls

the size of the "" a vertex. Its value can be determined at tree-level in terms of the high energy
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Kähler potential of the high-energy fields %i ,

K =

�

i

%†
i %i =

�

i

f 2
i eqi (A+ A†)/f . (2.8)

Note that in the absence of explicit U(1)-breaking terms, A does not get a vev and K is canonically

normalized with respect to the Goldstone superfield. All Goldstone self-interactions are calculable

from the physical Kähler metric,

K A†

A =
1

f 2

�

i

f 2
i q2

i eqi (A+ A†)/f
= 1 +

(A + A†)

f

�
�

i

q3
i f 2

i

�
/f 2

+ . . . . (2.9)
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where q is chosen to be the smallest U(1) charge among the fields that obtain vevs. Note that

b1 is invariant under overall charge scaling. In simple models with just two fields " ± of opposite

charge, b1 is bounded, ! 1 # b1 # 1. In general, however, there is no such restriction on b1 in

theories with more fields or with dynamical U(1) breaking.
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2.2 Interactions and mixing with light Þelds via K¬ahler terms

Even though the MSSM Þelds are uncharged under the global symmetry, they may couple to
the spontaneously broken sector through higher-order terms in the K¬ahler potential. We will
particularly be interested in the coupling of the Goldstone multiplet with the Higgs doubletsHu,d.
Explicit symmetry breaking terms can generate superpotential couplings between the MSSM and
the Goldstone sector; these are discussed in Section 4.

The K¬ahler potential interactions between the Higgses and the Goldstone superÞeld can be
parameterized by expanding inq/f ,
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Note that the Þrst line vanishes if there is aZ2 discrete symmetryA ! " A. The presence of
such symmetry depends on the choice of UV completion. A mixing between the Higgs and the
sGoldstone arises, for example, from the K¬ahler metric term
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The c2, d2 terms can also give rise to mixing if the sGoldstone also gets a VEV of order#s$ %f .
After rotating the Higgs and sGoldtone Þelds, the coupling betweenh and the Goldstone multiplet
appears in the e! ective Lagrangian as
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wherech is a function of the coe" cientsc1,2, d1,2 and the Higgs sector mixing angles. At this order
in q

2
vEW /f

2 there are additional Higgs doublet couplings of the form
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u + h.c. (2.14)

which give rise to additional interactions of the heavy Higgses with the Goldstone fermion, but
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Here the suppression scalesMu,d,l are not necessarily related to the global symmetry breaking
scalef , and could be much larger depending on the UV completion of the theory.
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Higgs and SM matter intÕs
¥The higgs mixing interaction:

¥After diagonalizing s-h fields effective interaction

¥Direct interaction with matter fields more suppressed

2.2 Interactions and mixing with light Þelds via K¬ahler terms

Even though the MSSM Þelds are uncharged under the global symmetry, they may couple to
the spontaneously broken sector through higher-order terms in the K¬ahler potential. We will
particularly be interested in the coupling of the Goldstone multiplet with the Higgs doubletsHu,d.
Explicit symmetry breaking terms can generate superpotential couplings between the MSSM and
the Goldstone sector; these are discussed in Section 4.

The K¬ahler potential interactions between the Higgses and the Goldstone superÞeld can be
parameterized by expanding inq/f ,
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Note that the Þrst line vanishes if there is aZ2 discrete symmetryA ! " A. The presence of
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sGoldstone arises, for example, from the K¬ahler metric term
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SUSY breaking
¥Until now entire A massless. a protected by Goldstone, but
s,! by SUSY

¥Introduce soft SUSY breaking. Assume all globally 
symmetric. 

¥Tamvakis-Wyler: if Fi=0 for all U(1) charged fields ! 
remains massless:
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¥U(1) invariance of W: 

3 SUSY breaking

3.1 Soft terms and masses

We assume that the supersymmetry breaking terms are all globally symmetric. This protects the
Goldstone boson mass but still generates masses for the sGoldstone and Goldstone fermion.

The latter assertion seems to contradict the result by Tamvakis and Wyler that the Goldstone
fermion remains massless if theF -components of the Þelds carrying a U(1) charge all vanish
[3]. [[Need a good transition here: Ònow we are explaining the TamvakisÐWyler
result.Ó]] Fermion masses are only induced by superpotential terms or by mixing with gauginos.
For simplicity we neglect the latter possibility so that the fermion mass matrix is (mferm)ij = Wij,
the second derivative matrix of the superpotential. IfFi = 0 then the Goldstone fermion is a zero
mode of this matrix and is given in terms of the fermions! i of the UV superÞelds by

" =
!

i

qif i

f
! i. (3.1)

By the U(1) invariance of the superpotential,

!

j

1
f

Wijqjf j = !
1
f

qiWi = !
1
f

qiFi (3.2)

which vanishes ifFi = 0. Thus one Þnds that that if none of the U(1)-chargedF -terms obtain a
vev, then the Goldstone fermion remains massless

m!

"
= 0 qi"Fi#= 0 $i
% qi"Fi#/f otherwise.

(3.3)

This argument, however, is somewhat misleading. Even if the SUSY breaking spurion superÞeld
X does not carry a global U(1) charge, a non-vanishingF -term is typically induced for U(1)
charged superÞelds due to mixing among theF -components. This is simply the statement that
soft breakingA-terms induceF -terms for the U(1) charged Þelds. Let us examine how this occurs.

Assume that the SUSY is broken by a spurion"X # = . . . + F 2#2 and is mediated at a scale
M . For simplicity we assume supergravity mediation withM = MPl and F/M Pl & msoft . Planck
scale interactions induce a non-canonical K¬ahler potential for the superÞelds! i which depend on
the SUSY breaking spurionX :

K =
!

i

Z(X, X †)! †
i ! i. (3.4)

In the Lagrangian, we obtain

L '
#

d4#
$

Z +
$Z
$X

F #2 +
$Z
$X †F †ø#2 +

$2Z
$X $X †FF †#2ø#2

%
! †! , (3.5)
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SUSY breaking
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where the Taylor expansion ofZ is evaluated atX = !X". To obtain a canonical K¬ahler potential,
one can diagonalize the kinetic terms (including those for theF -terms) by a chiral Þeld redeÞnition:

! # ! ! $ Z1/2

�
1 +

! ln Z

! X
F " 2

�
! . (3.6)

The remaining " 2ø" 2 term is the usual soft scalar mass,

÷m2 = %
! 2 ln Z

! ln X! ln X  

����
X= M

FF "

M
. (3.7)

The shift also generatesA-terms in the superpotential,

" L soft =
! W

! !

����
! = !

Z# 1/2

�
%

! ln Z

! ln X

F

M

�
. (3.8)

Note that theseA-terms completely incorporate the mixing betweenF -terms of the formFFi! i.
As shown above, the magnitude of the Goldstone fermion mass is determined by the inducedFis.
From the argument above, follows that these are obtained by minimizing the usual scalar potential

V =

����
! W

!# i

����
2

+ Ai
! W

!# i
#i + h .c. + m2

i |#i|2. (3.9)

Now we can derive a necessary condition form" to vanish which does not depend explicitly on
the A%terms:

m" = 0 =&
�

i

qi|fi|2m2
i = 0 . (3.10)

Indeed, the invariance of the superpotential implies
�

i

qi

�
|Wi|2 %m2

i |fi|2
�

= 0 . (3.11)

so that the mass of the Goldstone fermion (3.1) vanishes, again by means of the (3.2).
Assuming that Ai, mi < fi for all i, we Þnd that the generic magnitude for the inducedF -terms

is
|Fi| = Aifi , (3.12)

and, consequently, the induced Goldstone fermion mass isAiqi. Throughout this paper we will
assume that the Goldstone fermion is the LSP. This may plausibly occur, for example, if the
A-terms are somewhat smaller than soft scalar masses and gaugino masses.

The soft breaking scalar terms also induce masses of ordermi to the sGoldstone boson which
may also mix with other massive singlet states in the theory.

4 Superpotential terms from explicit breaking

The shift symmetry forbids any superpotential for the Goldstone chiral multipletA. In order to
generate (small) masses to lift the Goldstone boson one needs small explicit breaking terms.
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Note that theseA-terms completely incorporate the mixing betweenF -terms of the formFFi ! i .
As shown above, the magnitude of the Goldstone fermion mass is determined by the inducedFi s.
From the argument above, follows that these are obtained by minimizing the usual scalar potential
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Now we can derive a necessary condition formχ to vanish which does not depend explicitly on
the A%terms:
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so that the mass of the Goldstone fermion (3.1) vanishes, again by means of the (3.2).
Assuming that Ai , mi < fi for all i, we Þnd that the generic magnitude for the inducedF -terms

is
|Fi | = Ai fi , (3.12)

and, consequently, the induced Goldstone fermion mass isAi qi . Throughout this paper we will
assume that the Goldstone fermion is the LSP. This may plausibly occur, for example, if the
A-terms are somewhat smaller than soft scalar masses and gaugino masses.

The soft breaking scalar terms also induce masses of ordermi to the sGoldstone boson which
may also mix with other massive singlet states in the theory.

4 Superpotential terms from explicit breaking

The shift symmetry forbids any superpotential for the Goldstone chiral multipletA. In order to
generate (small) masses to lift the Goldstone boson one needs small explicit breaking terms.
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m! ! Ai qi

SUSY breaking

¥Generic magnitude of induced Fi is

¥Generic size of GF mass:

¥Question (to audience): is it true that if Ai=0 then m! =0?
(Do soft breaking scalar masses never induce m! ?)
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Explicit Breaking 1. Anomaly
¥Assume that U(1) is anomalous under SM group

¥Gives coupling to massless GBÕs: 

¥Anomaly coefficient (assuming all masses equal):

 

4.1 Anomaly

A very important possible source for explicit breaking terms is via global anomalies. If the global
symmetry is anomalous the triangle diagrams require the presence of terms likeaG ÷G that in SUSY
theories Þt into a superpotential

Wanomaly = !
can

f
AW aW a (4.1)

where W a = ! a ! i " µ! #Ga
µ! + . . . is the Þeld strength chiral superÞeld for the gauge group G

which has a U(1)G2 anomaly. In practice we will take G=SU(3)color , U(1)QED since the important
couplings will be to those involving the massless gauge Þelds. ThisWanomaly gives extra non-
derivative couplings in the e! ective Lagrangian (in 4-component Dirac notation):

L anomaly "
can

f
#

2

!
aGa

µ!
÷Ga

µ! +
i
2

ø$Ga
µ! [%µ, %! ]%5! a

"
(4.2)

where ÷Ga
µ! = 1

2&µ!"# Ga
"# .

To be concrete, we assume in the following that the globalU(1) is anomalous. For example,
the anomalous couplingcan is generated when the Goldstone bosona couples toN$ fermions " i

that transform in the fundamental of the gaugedSU(N ), 1 and carry a global chargeQ!

can =
'
8(

#
2

N!#

i

(
yi f
m! i

) L y = ia
N!#

i =1

yi
ø" i %5" i . (4.4)

The simplest and most common case is when all masses are degeneratem! i = m! , and the yi are
equal, yi = m! Q! / (f

#
2):

can = ' Q! N! / (8( ) . (4.5)

4.2 Explicit breaking spurions

Other small sources of symmetry breaking terms can be parametrized by spurion chiral superÞelds
# % which have charge' under the global symmetry, and get VEV$# %%= ! %f , where ! % & 1.
Then the allowed superpotential term would be of the formW = f 2

$
%# ! %G% where G% =

Exp [' A/f ]. In order not to break SUSY we need at least two global symmetry breaking sources,
and therefore two spurions# ! % and # ! &, with opposite signs charges

W = f 2# ! %G% + f 2# ! &G& ') < 0. (4.6)

This will in general give rise to a sGoldstone boson vev and to an e! ective superpotential which
generates common supersymmetry preserving massesm' = ma = ms. Beside generating the

1 The result for a U(1) gauge group it is very similar and can be obtained simply by including the di! erent Qi

charges

can =
! U (1)

8"

#
2Nc

#

i

2Q2
i (

yf
m! i

) (4.3)

where the factor of 2 comes from the normalization of the generators inSU(N ), T r [TaTb] = #ab/ 2, and Nc = 3.
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Explicit Breaking 2. Superpotl.

¥Assume additional U(1) breaking couplings param. by 
spurion &'  with charge ' and VEV 

¥To not break SUSY need two couplings

¥Gives uniform mass to a,s,! (only source for m a)

¥New interactions determined by ma:
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Goldstone boson mass, the explicit breaking terms may also generate new interactions which are
completely determined by the Goldstone boson mass

L ! "
m2

a

2

!
a2 + s2

"
"

ma

2
ø!! +

ma

2
#

2f
(" + #)

!
ia ø!$ 5! " sø!! " masa2

"
+

ma

8f 2
(" 2+ "# + #2) a2 ø!! + . . .

(4.7)
The only model dependent input are the charges of the explicit breaking operators. After SUSY
breaking, the sGoldstone boson and the Goldstone fermion get lifted while the Goldstone boson
remains light, ms $ m! > m a. Up to integration by parts the the trilinear axial coupling aø!$ 5!
is equivalent, on-shell, to an e! ective b1 coupling (2.7).

There can also be additional terms in the superpotential leading to mixing with the Higgs and
decays to SM fermions of the form

W = ci " ! i Gi

#
HuHd +

Yu

Mu

øQHuu +
Yd

Md

øQHdd +
Yl

ML

øLH de+ h.c.
$

(4.8)

5 Annihilation cross section and DM abundance

The annihilation cross-section%%v&for ! is controlled by these processes:

(a) !! ' gg via a s-channel exchange ofa that decays to gluons because of the anomaly.

(b) !! ' aa via a t-channel and u-channel exchange of a virtual!

(c) !! ' aa from a single vertex coming from theU(1) explicit breaking terms

(d) !! ' ah via Goldstone boson o! -shell in the s-channel (only whenmh + ma < 2m! )

(e) !! ' hh via contact terms c2, d2 in the K¬ahler potential (only when mh < m ! )

The contributions (b) and (c) are the largest. The next to largest is (a). The contribution of
(d) and (e) are subleading. Below, we discuss in detail each contribution.

5.1 !! ' gg

This cross section is controlled by the anomalous coupling (4.2) wherecan = " sQΨNΨ/ (8&),
and the vertex b1/ (2

#
2f )ø!$ µ$5!' µa. Working away from the resonance we get

%v =
2" 2

s

(8&)3
NcN 2

Ψ(b1m! + (ma)2 s2q2Q2
Ψ

(s " m2
a)2f 4

s = ( p1 + p2)2 = 4E 2
! (5.1)

wherev is the relative velocity in the center of mass frame,Nc = 8 is the number of colors in the
Þnal state, and( = " (" + #)/ 2q is the contribution from the explicit breaking vertex (4.7).
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Particle content summary

¥Mass spectrum:

¥Assume ! is LSP

Goldstone boson mass, the explicit breaking terms may also generate new interactions which are
completely determined by the Goldstone boson mass
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There can also be additional terms in the superpotential leading to mixing with the Higgs and
decays to SM fermions of the form

W = ci " −i Gi

#
HuHd +

Yu

Mu

øQHuu +
Yd

Md

øQHdd +
Yl

ML

øLH de+ h.c.
$

(4.8)

5 Annihilation cross section and DM abundance

The annihilation cross-section%%v&for ! is controlled by these processes:

(a) !! ' gg via a s-channel exchange ofa that decays to gluons because of the anomaly.

(b) !! ' aa via a t-channel and u-channel exchange of a virtual!

(c) !! ' aa from a single vertex coming from theU(1) explicit breaking terms

(d) !! ' ah via Goldstone boson o! -shell in the s-channel (only whenmh + ma < 2m! )

(e) !! ' hh via contact terms c2, d2 in the K¬ahler potential (only when mh < m ! )

The contributions (b) and (c) are the largest. The next to largest is (a). The contribution of
(d) and (e) are subleading. Below, we discuss in detail each contribution.

5.1 !! ' gg

This cross section is controlled by the anomalous coupling (4.2) wherecan = " sQ! N! / (8&),
and the vertex b1/ (2

#
2f )ø!$ µ$5!' µa. Working away from the resonance we get

%v =
2" 2

s

(8&)3
NcN 2

! (b1m! + (ma)2 s2q2Q2
!

(s " m2
a)2f 4

s = ( p1 + p2)2 = 4E 2
! (5.1)

wherev is the relative velocity in the center of mass frame,Nc = 8 is the number of colors in the
Þnal state, and( = " (" + #)/ 2q is the contribution from the explicit breaking vertex (4.7).
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f ~700 GeV- 1 TeV
m! ~50-150 GeV
ma ~10-100 GeV
b1 [-3,3]
can 0.06
ch [-1,1]

(=-('+))/2 [-3,3]
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χ a

The annihilation cross section
¥Leading channel !!"aa

¥s-wave vanishes, only p-wave contributes

¥p-wave due to parity  

5.2 !! ! aa

5.2.1 t- and u-channel

In our case, we have only the p-wave contribution to the cross section," v = a + bv2 + . . .,

a =0 z = ma/m ! (5.2)

b=
m2

!

96#f 4(z2 " 2)4
[b3

1(b1 + 4z$)(3z8 " 16z6 + 48z4 " 64z2 + 32) (5.3)

+ z2$2(3z8 " 14z6 + 46z4 " 64z2 + 32) + 16 b1$3(z2 " 1)(b1z3 + $(z2 " 1))]

where$ = " (%+ &)/ 2q is the contribution from the explicit breaking vertex (4.7).

5.2.2 Explicit breaking vertex

The contribution of the quartic to the annihilation cross-section is onlyp-wave and can be
easily calculated

" v =
1

128#
' 2 m2

a

f 4/q 4
va

!
s " 4m2

!

s

"
va =

#

1 "
4m2

a

s
(5.4)

where' is given in terms of the charges of the explicit breaking operators (4.7),' = %2 + %&+ &2.

5.2.3 Interference

The contact interaction process interferes with thet- and u-channel. So summing the amplitudes
before squaring we get

b=
m2

!

96#f 4
(2b2

1 +8b1z$+ z' )+
m2

! z2

1536#f 4

$
3' 2 + 32b1$' + 128b2

1$
2 " 16b4

1

%
+ o(z3) , a = 0 (5.5)

wherev" = a + bv2 + . . . and z = ma/m ! .
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χ a

5.2 χχ ! aa

5.2.1 t- and u-channel

In our case, we have only the p-wave contribution to the cross section,σv = a + bv2 + . . .,

a =0 z = ma/m ! (5.2)

b=
m2

!

96πf 4(z2 " 2)4
[b3

1(b1 + 4zδ)(3z8 " 16z6 + 48z4 " 64z2 + 32) (5.3)

+ z2δ2(3z8 " 14z6 + 46z4 " 64z2 + 32) + 16 b1δ
3(z2 " 1)(b1z3 + δ(z2 " 1))]

whereδ = " (α + β)/ 2q is the contribution from the explicit breaking vertex (4.7).

5.2.2 Explicit breaking vertex

The contribution of the quartic to the annihilation cross-section is onlyp-wave and can be
easily calculated

σv =
1

128π
ρ2 m2

a

f 4/q 4
va

!
s " 4m2

!

s

"
va =

#

1 "
4m2

a

s
(5.4)

whereρ is given in terms of the charges of the explicit breaking operators (4.7),ρ = α2 + αβ + β2.

5.2.3 Interference

The contact interaction process interferes with thet- and u-channel. So summing the amplitudes
before squaring we get

b=
m2

!

96πf 4
(2b2

1 +8b1zδ + zρ)+
m2

! z2

1536πf 4

$
3ρ2 + 32b1δρ + 128b2

1δ
2 " 16b4

1

%
+ o(z3) , a = 0 (5.5)

wherevσ = a + bv2 + . . . and z = ma/m ! .
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5.2 χχ ! aa

5.2.1 t- and u-channel

In our case, we have only the p-wave contribution to the cross section,σv = a + bv2 + . . .,

a =0 z = ma/m ! (5.2)

b=
m2

!

96πf 4(z2 " 2)4
[b3

1(b1 + 4zδ)(3z8 " 16z6 + 48z4 " 64z2 + 32) (5.3)

+ z2δ2(3z8 " 14z6 + 46z4 " 64z2 + 32) + 16 b1δ
3(z2 " 1)(b1z3 + δ(z2 " 1))]

whereδ = " (α + β)/ 2q is the contribution from the explicit breaking vertex (4.7).

5.2.2 Explicit breaking vertex

The contribution of the quartic to the annihilation cross-section is onlyp-wave and can be
easily calculated

σv =
1

128π
ρ2 m2

a

f 4/q 4
va

�
s " 4m2

!

s

�
va =

�
1 "

4m2
a

s
(5.4)

whereρ is given in terms of the charges of the explicit breaking operators (4.7),ρ = α2 + αβ + β2.

5.2.3 Interference

The contact interaction process interferes with thet- and u-channel. So summing the amplitudes
before squaring we get

b=
m2

!

96πf 4
(2b2

1 +8b1zδ + zρ)+
m2

! z2

1536πf 4

�
3ρ2 + 32b1δρ + 128b2

1δ
2 " 16b4

1

�
+ o(z3) , a = 0 (5.5)

wherevσ = a + bv2 + . . . and z = ma/m ! .
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χ a

The annihilation cross section
¥Leading channel !!"aa

¥Gives automatically right abundance for m! =100 GeV,
f=700 GeV, b1=2.4

5.2 !! ! aa

5.2.1 t- and u-channel

In our case, we have only the p-wave contribution to the cross section," v = a + bv2 + . . .,

a =0 z = ma/m ! (5.2)

b=
m2

!

96#f 4(z2 " 2)4
[b3

1(b1 + 4z$)(3z8 " 16z6 + 48z4 " 64z2 + 32) (5.3)

+ z2$2(3z8 " 14z6 + 46z4 " 64z2 + 32) + 16 b1$3(z2 " 1)(b1z3 + $(z2 " 1))]

where$ = " (%+ &)/ 2q is the contribution from the explicit breaking vertex (4.7).

5.2.2 Explicit breaking vertex

The contribution of the quartic to the annihilation cross-section is onlyp-wave and can be
easily calculated

" v =
1

128#
' 2 m2

a

f 4/q 4
va

!
s " 4m2

!

s

"
va =

#

1 "
4m2

a

s
(5.4)

where' is given in terms of the charges of the explicit breaking operators (4.7),' = %2 + %&+ &2.

5.2.3 Interference

The contact interaction process interferes with thet- and u-channel. So summing the amplitudes
before squaring we get

b=
m2

!

96#f 4
(2b2

1 +8b1z$+ z' )+
m2

! z2

1536#f 4

$
3' 2 + 32b1$' + 128b2

1$
2 " 16b4

1

%
+ o(z3) , a = 0 (5.5)

wherev" = a + bv2 + . . . and z = ma/m ! .
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χ a

annihilation cross-section!! ! aa in the right ballpark

"" v# $
b4
1

8#
Tf

m!

m2
!

f 4/q 4
% 1 pb (5.2)

for a thermal relic with masses at the SUSY breaking scalemsusy and O(1) couplings, which
freeze-out at temperatureTf $ m! / 20:

! DM h2 $
0.1

"" v# pb! 1 . (5.3)

(Brando: the actual values areb1 % 2.4, m! % 100 GeV and f % 700 GeV. ) Note the presence
of the temperature in (5.2) because thes-wave channel is forbidden by parity. A more detailed
analysis shows that other channels other than

(a) !! ! aa in the t-channel and u-channel via the self-interactions (2.7)

which might be important, namely

(b) !! ! aa from explicit breaking terms (4.6);

(c) !! ! gg with a in the s-channel via the anomaly (4.2);

(d) !! ! ah with a in the s-channel via the Higgs coupling (2.13) whenmh + ma < 2m! ;

(e) !! ! hh via the coupling to two Higgs bosons (2.12) whenmh < m ! .

In fact, they make up for the suppression in the thermal average of the p-wave annihilation into 2a.
Note that the Higgs boson may be even lighter than the Z-boson because of non-standard decays
(see sect. 8 on the Higgs phenomenology). Other annihilation channel involving virtual gluino,
sGoldstone or Higgs boson are typically suppressed by large masses or small Yukawa couplings.
A detailed calculation of each contribution is presented in appendix C. Fig. (8) shows the lines of
Þxed DM abundance for di" erent values ofma/m ! in the plane (m! , b1).

5.1 Sommerfeld enhancement

Above we have calculated the relic density assuming a no enhancement due to long range forces.
Here we brießy review the non-relativistic potential between the GFÕs and argue that there could
be regions of parameter space where a sizeable enhancement due to attractive force between the
GFÕs is possible, thereby potentially allowing a lowering of the GF (and the axion) mass scale.
We emphasize that the enhancement is not an essential ingredient (the correct abundance can be
reproduced without it and with su# ciently low direct detection cross sections). The enhancement
might allow us to populate a di" erent region of the parameter space with GF masses in the 10-50
GeV range. The Sommerfeld enhancement is due to multiple exchange of low-energy axions, as
in Þgure 2. This was Þrst calculated in [29].
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annihilation cross-section!! ! aa in the right ballpark

"" v# $
b4

1

8#
Tf

m!

m2
!

f 4/q 4
% 1 pb (5.2)

for a thermal relic with masses at the SUSY breaking scalemsusy and O(1) couplings, which
freeze-out at temperatureTf $ m! / 20:

! DMh2 $
0.1

"" v# pb−1 . (5.3)

(Brando: the actual values areb1 % 2.4, m! % 100 GeV and f % 700 GeV. ) Note the presence
of the temperature in (5.2) because thes-wave channel is forbidden by parity. A more detailed
analysis shows that other channels other than

(a) !! ! aa in the t-channel and u-channel via the self-interactions (2.7)

which might be important, namely

(b) !! ! aa from explicit breaking terms (4.6);

(c) !! ! gg with a in the s-channel via the anomaly (4.2);

(d) !! ! ah with a in the s-channel via the Higgs coupling (2.13) whenmh + ma < 2m! ;

(e) !! ! hh via the coupling to two Higgs bosons (2.12) whenmh < m ! .

In fact, they make up for the suppression in the thermal average of the p-wave annihilation into 2a.
Note that the Higgs boson may be even lighter than the Z-boson because of non-standard decays
(see sect. 8 on the Higgs phenomenology). Other annihilation channel involving virtual gluino,
sGoldstone or Higgs boson are typically suppressed by large masses or small Yukawa couplings.
A detailed calculation of each contribution is presented in appendix C. Fig. (8) shows the lines of
Þxed DM abundance for di" erent values ofma/m ! in the plane (m! , b1).

5.1 Sommerfeld enhancement

Above we have calculated the relic density assuming a no enhancement due to long range forces.
Here we brießy review the non-relativistic potential between the GFÕs and argue that there could
be regions of parameter space where a sizeable enhancement due to attractive force between the
GFÕs is possible, thereby potentially allowing a lowering of the GF (and the axion) mass scale.
We emphasize that the enhancement is not an essential ingredient (the correct abundance can be
reproduced without it and with su# ciently low direct detection cross sections). The enhancement
might allow us to populate a di" erent region of the parameter space with GF masses in the 10-50
GeV range. The Sommerfeld enhancement is due to multiple exchange of low-energy axions, as
in Þgure 2. This was Þrst calculated in [29].
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χ a

g

The annihilation cross section

¥Subleading channel !!"aa via explicit breaking vertex

¥Subleading channel !!"gg via anomaly 

χ a

5.2 !! ! aa

5.2.1 t- and u-channel

In our case, we have only the p-wave contribution to the cross section," v = a + bv2 + . . .,

a =0 z = ma/m ! (5.2)

b=
m2

!

96#f 4(z2 " 2)4
[b3

1(b1 + 4z$)(3z8 " 16z6 + 48z4 " 64z2 + 32) (5.3)

+ z2$2(3z8 " 14z6 + 46z4 " 64z2 + 32) + 16 b1$3(z2 " 1)(b1z3 + $(z2 " 1))]

where$ = " (%+ &)/ 2q is the contribution from the explicit breaking vertex (4.7).

5.2.2 Explicit breaking vertex

The contribution of the quartic to the annihilation cross-section is onlyp-wave and can be
easily calculated

" v =
1

128#
' 2 m2

a

f 4/q 4
va

!
s " 4m2

!

s

"
va =

#

1 "
4m2

a

s
(5.4)

where' is given in terms of the charges of the explicit breaking operators (4.7),' = %2 + %&+ &2.

5.2.3 Interference

The contact interaction process interferes with thet- and u-channel. So summing the amplitudes
before squaring we get

b=
m2

!

96#f 4
(2b2

1 +8b1z$+ z' )+
m2

! z2

1536#f 4

$
3' 2 + 32b1$' + 128b2

1$2 " 16b4
1

%
+ o(z3) , a = 0 (5.5)

wherev" = a + bv2 + . . . and z = ma/m ! .
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Goldstone boson mass, the explicit breaking terms may also generate new interactions which are
completely determined by the Goldstone boson mass

L ! "
m2

a

2

!
a2 + s2

"
"

ma

2
ø!! +

ma

2
#

2f
(" + #)

!
ia ø!$ 5! " sø!! " masa2

"
+

ma

8f 2
(" 2+ "# + #2) a2 ø!! + . . .

(4.7)
The only model dependent input are the charges of the explicit breaking operators. After SUSY
breaking, the sGoldstone boson and the Goldstone fermion get lifted while the Goldstone boson
remains light, ms $ m! > m a. Up to integration by parts the the trilinear axial coupling aø!$ 5!
is equivalent, on-shell, to an e! ective b1 coupling (2.7).

There can also be additional terms in the superpotential leading to mixing with the Higgs and
decays to SM fermions of the form

W = ci " ! i Gi

#
HuHd +

Yu

Mu

øQHuu +
Yd

Md

øQHdd +
Yl

ML

øLH de+ h.c.
$

(4.8)

5 Annihilation cross section and DM abundance

The annihilation cross-section%%v&for ! is controlled by these processes:

(a) !! ' gg via a s-channel exchange ofa that decays to gluons because of the anomaly.

(b) !! ' aa via a t-channel and u-channel exchange of a virtual!

(c) !! ' aa from a single vertex coming from theU(1) explicit breaking terms

(d) !! ' ah via Goldstone boson o! -shell in the s-channel (only whenmh + ma < 2m! )

(e) !! ' hh via contact terms c2, d2 in the K¬ahler potential (only when mh < m ! )

The contributions (b) and (c) are the largest. The next to largest is (a). The contribution of
(d) and (e) are subleading. Below, we discuss in detail each contribution.

5.1 !! ' gg

This cross section is controlled by the anomalous coupling (4.2) wherecan = " sQ! N! / (8&),
and the vertex b1/ (2

#
2f )ø!$ µ$5!' µa. Working away from the resonance we get

%v =
2" 2

s

(8&)3
NcN 2

! (b1m! + (ma)2 s2q2Q2
!

(s " m2
a)2f 4

s = ( p1 + p2)2 = 4E 2
! (5.1)

wherev is the relative velocity in the center of mass frame,Nc = 8 is the number of colors in the
Þnal state, and( = " (" + #)/ 2q is the contribution from the explicit breaking vertex (4.7).
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χ

χ

g

¥p-wave again

¥s-wave but suppressed
by small anomaly coeff.



χ a

h

The annihilation cross section

¥Subleading channel !!"ah if 2m! >ma+mh

¥Subleading channel !!"hh  if m! >mh

χ

a

χ

χ

¥p-wave again

¥p-wave

5.3 Subleading processes

5.3.1 !! ! a! ! ah

This channel opens when 2m! > m a + mh. Naively, it should be less important because
the cross-section has an extra suppression by (vEW /f )2. On the other hand, it has a s-wave
contribution and therefore the effect is not completely negligible compared to the!! ! aa b-
wave process. The cross-section is given by

" v =
va

32#
(b1m! + $ma)2c2

hv2
EW

f 6/q 6

!
m2

a " m2
h + s

s " m2
a

" 2

(5.6)

This has a non-vanishing s-wave contribution.

5.3.2 !! ! hh

This channel is allowed (up to thermal contributions) only whenm! > m h. Considering that the
Higgs can be buried under QCD,mh # 90 GeV is possible. This process comes from a contact
interaction term chh(ø! i%µ&µ! )h2q2/ (2f 2) which follows from the coefficients c2, d2 in the K¬ahler
potential.

" v =
va

8#

m2
! c2

hh

f 4/q 4

!
s " 4m2

!

s

"
(5.7)

Once again, it is a p-wave process.

5.4 Relic Abundance (plot updated!)

Now that we have all the relevant contributions to the DM annhilation cross-section we can
calculate the relic abundance

Ωh2 =
1.07$ 109 GeV" 1xf

g1/2
! M pl (a + 3b/x f )

M pl = 1.22$ 1019 GeV (5.8)

where g! % 76 is the number of relativistic degrees of freedom at the freeze-out temperature
xf = m! /T f ,and the cross-section is expanden in partial waves

v" = a + bv2 + . . . ! & v" ' = a +
6
xf

b+ . . . (5.9)
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h

h

5.2 !! ! aa

5.2.1 t- and u-channel

In our case, we have only the p-wave contribution to the cross section," v = a + bv2 + . . .,

a =0 z = ma/m ! (5.2)

b=
m2

!

96#f 4(z2 " 2)4
[b3

1(b1 + 4z$)(3z8 " 16z6 + 48z4 " 64z2 + 32) (5.3)

+ z2$2(3z8 " 14z6 + 46z4 " 64z2 + 32) + 16 b1$3(z2 " 1)(b1z3 + $(z2 " 1))]

where$ = " (%+ &)/ 2q is the contribution from the explicit breaking vertex (4.7).

5.2.2 Explicit breaking vertex

The contribution of the quartic to the annihilation cross-section is onlyp-wave and can be
easily calculated

" v =
1

128#
' 2 m2

a

f 4/q 4
va

!
s " 4m2

!

s

"
va =

#

1 "
4m2

a

s
(5.4)

where' is given in terms of the charges of the explicit breaking operators (4.7),' = %2 + %&+ &2.

5.2.3 Interference

The contact interaction process interferes with thet- and u-channel. So summing the amplitudes
before squaring we get

b=
m2

!

96#f 4
(2b2

1 +8b1z$+ z' )+
m2

! z2

1536#f 4

$
3' 2 + 32b1$' + 128b2

1$2 " 16b4
1

%
+ o(z3) , a = 0 (5.5)

wherev" = a + bv2 + . . . and z = ma/m ! .
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The relic abundance
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5.3 Subleading processes

5.3.1 !! → a! → ah

This channel opens when 2m! > m a + mh. Naively, it should be less important because
the cross-section has an extra suppression by (vEW /f )2. On the other hand, it has a s-wave
contribution and therefore the e! ect is not completely negligible compared to the!! → aa b-
wave process. The cross-section is given by

" v =
va

32#
(b1m! + $ma)2c2

hv2
EW

f 6/q 6

!
m2

a −m2
h + s

s−m2
a

" 2

(5.6)

This has a non-vanishing s-wave contribution.

5.3.2 !! → hh

This channel is allowed (up to thermal contributions) only whenm! > m h. Considering that the
Higgs can be buried under QCD,mh ∼ 90 GeV is possible. This process comes from a contact
interaction term chh (ø! i%µ&µ! )h2q2/ (2f 2) which follows from the coe" cients c2, d2 in the K¬ahler
potential.

" v =
va

8#

m2
! c2

hh

f 4/q 4

!
s− 4m2

!

s

"
(5.7)

Once again, it is a p-wave process.

5.4 Relic Abundance (plot updated!)

Now that we have all the relevant contributions to the DM annhilation cross-section we can
calculate the relic abundance

# h2 =
1.07× 109 GeV" 1xf

g1/ 2
! Mpl (a + 3b/x f )

Mpl = 1.22× 1019 GeV (5.8)

where g! ≈ 76 is the number of relativistic degrees of freedom at the freeze-out temperature
xf = m! /T f ,and the cross-section is expanden in partial waves

v" = a + bv2 + . . . → �v" � = a +
6
xf

b+ . . . (5.9)
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Figure 1: Left: Contourlines at Þxed relic density,! h2 = 0.11, in the (mχ, b1) plane for ma/m χ =
0.1 (black dotted), 0.5 (blue dashed) and 0.7 (red solid). Gray lines include the subleading
contributions from annihilations into Higgs bosons,χχ ! ah and χχ ! hh.

The freeze-out temperature is determined in the usual way (neglecting subleading logÕs in the
mass)

xf =

!

ln
0.038" 2M plmχ#σv$

g1/2
! x1/2

f

"

% 18& 25 (5.10)

For simplicity I plot the Þxed abundance lines! h2 = 0.11 in the planemχ and b1 for di" erent
values ofz = ma/m χ.

5.5 Sommerfeld enhancement

Above we have calculated the relic density assuming a no enhancement due to long range forces.
Here we brießy review the non-relativistic potential between the GFÕs and argue that there could
be regions of parameter space where a sizeable enhancement due to attractive force between the
GFÕs is possible, thereby potentially allowing a lowering of the GF (and the axion) mass scale.
We emphasize that the enhancement is not an essential ingredient (the correct abundance can be
reproduced without it and with su# ciently low direct detection cross sections). The enhancement
might allow us to populate a di" erent region of the parameter space with GF masses in the 10-50
GeV range. The Sommerfeld enhancement is due to multiple exchange of low-energy axions, as
in Þgure 7. This was Þrst calculated in [22].
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5.3 Subleading processes

5.3.1 !! ! a! ! ah

This channel opens when 2m! > ma + mh. Naively, it should be less important because
the cross-section has an extra suppression by (vEW /f )2. On the other hand, it has a s-wave
contribution and therefore the e! ect is not completely negligible compared to the!! ! aa b-
wave process. The cross-section is given by

" v =
va

32#
(b1m! + $ma)2c2

hv
2
EW

f 6/q6

!
m2

a " m2
h + s

s " m2
a

" 2

(5.6)

This has a non-vanishing s-wave contribution.

5.3.2 !! ! hh

This channel is allowed (up to thermal contributions) only whenm! > mh. Considering that the
Higgs can be buried under QCD,mh # 90 GeV is possible. This process comes from a contact
interaction term chh (ø! i%µ&µ! )h2q2/(2f 2) which follows from the coe" cients c2, d2 in the K¬ahler
potential.

" v =
va

8#

m2
! c2

hh
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!
s " 4m2

!

s

"
(5.7)

Once again, it is a p-wave process.

5.4 Relic Abundance (plot updated!)

Now that we have all the relevant contributions to the DM annhilation cross-section we can
calculate the relic abundance

#h2 =
1.07$ 109 GeV" 1xf

g1/ 2
! Mpl (a + 3b/xf )

Mpl = 1 .22$ 1019 GeV (5.8)

where g! % 76 is the number of relativistic degrees of freedom at the freeze-out temperature
xf = m! /Tf ,and the cross-section is expanden in partial waves

v" = a + bv2 + . . . ! & v" ' = a +
6
xf

b + . . . (5.9)
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Figure 2: Exchange of multiple soft axions can lead to an attractive force enhancing the annihi-
lation cross section for the GFÕs.

The non-relativistic limit of the ! 1! 2 ! ! 1! ! 2! scattering amplitude is given by

iM =
iq2b2

1m2
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2f 2 [(p1 " p!
1)2 " m2

a]
[("p1 " "p!

1) á#1("p2 " "p!
2) á#2] " (1! # 2!) (5.11)

One can see that all terms are spin dependent, and give rise to a spin-spin interaction. The low
energy potential can be written in terms of a traceless tensor part and a central part:

V(r ) = VT (r )
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3 "S1 áör "S2 áör " "S1 á"S2
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+ VC(r ) "S1 á"S2 (5.12)

where the coe! cients are
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The leading term for distancesr < m a is in the tensor potential, and is repulsive for spin 1
combinations and attractive for spin 0 combinations. However, one can show that parity invariance
will result in the spin 1 combination of a!! ! aa annihilation process to vanish (in the COM
frame):

$a(p!
1)a(p!

2)|! (p, s1)! (" p, s2)%= $a(p!
1)a(p!

2)|P2|! (p, s1)! (" p, s2)%=

"$ a(p!
1)a(p!

2)|! (p, s2)! (" p, s1)% (5.14)

which implies that the s1 = s2 matrix element vanishes, and only the potentially Sommerfeld
enhanceds1 = " s2 channel will contribute. The magnitude of the Sommerfeld enhancement was
calculated in detail in [22] for s-wave annihilation processes, and it was found that for some regions
of parameters it can be as large as 1000, but could also be a suppression. In our case we would
only need a factor of few in order to lower the GF (and axion) masses to the 10 GeV range. Since
most of the leading annihilation channels here correspond to p-waves the results of [22] are not
directly applicable, and a dedicated calculation has to be performed, which we leave for future
work. However we fully expect that (similar to the s-wave) there would be regions of parameter
space with signiÞcant enhancement factors.
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Note that the leading term for distancesr < m ! 1
a is in the tensor potential. For total spin S = 0

the tensor potential averages out (over the angles), whereas the central part gives an attractive
interaction which is independent of the orbital angular momentum

!S = 0 , "|V(r )|S = 0 , "" = #
3
4

VC(r ) . (5.7)

This contribution vanishes in the limit ma $ 0 in agreement with [31]. ForS = 1, " = 1 the central
part is repulsive whereas the tensor one is attractive. The net effect is an attractive potential1

!S = 1 , " = 1|V(r )|S = 1 , " = 1" =
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1
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1
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The magnitude of the Sommerfeld enhancement was calculated in detail in [29] for s-wave
annihilation processes, and it was found that for some regions of parameters it can be as large as
1000, but could also be a suppression. In our case we would only need a factor of few in order
to lower the GF (and axion) masses to the 10 GeV range. Since most of the leading annihilation
channels here correspond to p-waves the results of [29] are not directly applicable, and a dedicated
calculation has to be performed, which we leave for future work.

6 Direct and Indirect Detection of GFDM

We have seen above that this model can easily produce the correct dark matter abundance. Next
we would like to estimate the generic size of direct detection cross sections and indirect detection
bounds.

6.1 Dark Matter E ! ective Operators for Direct detection

In direct detection experiments the DM particle scatters on a nucleon. Below we estimate the
scattering cross sections for couplings via gluons or quarks.

6.1.1 Coupling to gluons

Integrating out the massive gaugino in eq. (4.2) we obtain two dimension 7 operators that couples
our DM candidate # to gauge bosons
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1The potential becomes actually repulsive forrm a ! 44. However, the potential is completely cutoff by the
Yukawa exponential decay and the energy barrier is only% 10! 26 & m3

a/f 2.
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The magnitude of the Sommerfeld enhancement was calculated in detail in [29] for s-wave
annihilation processes, and it was found that for some regions of parameters it can be as large as
1000, but could also be a suppression. In our case we would only need a factor of few in order
to lower the GF (and axion) masses to the 10 GeV range. Since most of the leading annihilation
channels here correspond to p-waves the results of [29] are not directly applicable, and a dedicated
calculation has to be performed, which we leave for future work.
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6 Direct and Indirect Detection of GFDM

We have seen above that this model can easily produce the correct dark matter abundance. Next
we would like to estimate the generic size of direct detection cross sections and indirect detection
bounds.

6.1 Dark Matter E ! ective Operators for Direct detection

In direct detection experiments the DM particle scatters on a nucleon. Below we estimate the
scattering cross sections for couplings via gluons or quarks.

6.1.1 Coupling to gluons
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Only L (1)
ef f contributes to direct detection in the limit of zero momentum transfer, sinceG ÷G is a

total derivative. Therefore we neglectL (2)
ef f hereafter. The"N |GG|N #nucleon matrix element can

easily be extracted using the conformal anomaly [7] so that we can matchL (1)
ef f to a standard four

Fermi operator

L (1)
ef f !$ L (1)

ef f, N = GN ø!! øNN , GN =
4#c2

an

9$s

÷MN

M! f 2
, N = p, n (6.2)

where ÷MN = MN

%
1 !

&
i = u,d,s f (N )

i

'
% 650 MeV [8, 9] is the reduced nucleon mass which takes

into account the non vanishing quark mass contributionsmi "N |øqi qi |N # & f (N )
i MN . A detailed

discussion onf (N )
i and their uncertainties can be found in [10, 11].

The corresponding cross section per nucleon at zero momentum transfer is
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sN 4
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M 2
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5

" 4 % µ
1 GeV

' 2

where µ is the DM-nucleon reduced mass andcan = $s/ (8#)qN$ has been used. This values is
much smaller than the upper bound%SI = 7.0 ' 10! 45 cm2 recently obtained by the XENON100
experiment [1]. Thus if the only interactions with the SM are provided by the anomaly, there
is no hope of directly detecting! . Even the expected reach at LHC for this kind of operator,
%SI = few ' 10! 46 cm2 [6], is not enough.
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6.1.2 Coupling to quarks via Higgs exchange

In Sect. 2.2 we showed that after EWSB is natural to expect a non vanishing coupling betweenχ
and the lightest neutral Higgs bosonh

L h = ch
vEW q2

2f 2
(øχiγµ∂µχ)h . (6.3)

The size of the couplingch depends on the speciÞc realizations.
The Higgs coupling to nucleons is set by the Yukawa interactionscqmq/ (

!
2vEW )høqq. The

nuclear matrix elements for the light quarks are
�

q= u,d,s

cqmq"N |øqq|N #= MN

�

q= u,d,s

cqf (N )
q , (6.4)

while the contribution of heavy quarks is [7]

�

q= c,b,t,...

cqmq"N |øqq|N #=
2
27

MN (1 $
�

q= u,d,s

f (N )
q )

�

q! = c,b,t,...

cq! (6.5)

wherecq can be a mixing angle in the presence of more Higgs bosons. Integrating out the Higgs
boson we get an e! ective 4-Fermi interaction to nucleons
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whereλN is the e! ective nucleon Yukawa,yN MN / (
!

2vEW ) øNNh,

λN =
�

q= u,d,s

cqf (N )
q +

2
27
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�
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At zero momentum transfer the scattering cross section per nucleon is
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2
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0.5
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(6.8)

just about an order of magnitude or more below the XENON bound. This cross-section should
be compared to a generic Higgs mediated neutralino nucleon cross section

σSI
MSSM '

2c2g2

π

λ2
N µ2M 2

N

m4
hv2

EW
% 5c2 & 10! 42 cm2 (6.9)

whereL % cg/2øχχh. We can see that the GFDM is generically smaller by the suppression factor
m2

! v2/f 4, bringing it safely below the XENON bound.
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where L % cg/2!̄! h. We can see that the GFDM is generically smaller by the suppression factor
m2

! v2/f 4, bringing it safely below the XENON bound.
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¥Low f: large branching to axions
¥h"aa gives h"jets (like buried higgs)
¥Here m! =100 GeV, no h"!! 



100 110 120 130 140 150 160
0.0

0.2

0.4

0.6

0.8

1.0

mh !GeV"

B
R

f! 700 GeV, ma! 45 GeV, ch! 1

b b

aa

W W"

Z Z"

Higgs phenomenology

¥Larger f
¥h"aa  not so important 



100 110 120 130 140 150 160
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

mh !GeV"

B
R

f ! 500GeV, ma! m" ! 60GeV, ch! 2

b b

aa ""

W W#

Z Z#

Higgs phenomenology

¥Smaller f, also smaller m! =60 GeV
¥h"aa  gives jets
¥h"!! gives missing energy



Summary
¥SUSY DM getting squeezed by direct detection

¥Extension of MSSM with U(1) symmetric sector can help

¥Like a weak scale axion-axino model

¥GF could be LSP and ordinary WIMP

¥Mass spectrum assumed

¥Annihilation cross section dominated by

¥Direct detection naturally below XENON bound, but 
not too far via higgs exchange  

¥Higgs pheno: h"4j and h"missing E T could be sizeable

ms ! m! > m a

!! ! aa


