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(Gamn, ~ 0.1 pb] 51~ 7.0 x 109 pb)

Typical strategy: pick parameters such that og is :
then use tricks to Oann. -

Tune the neutralino composition (B vs. W, H)
Coannihilations (accidental slepton degeneracy)

Resonant annihilation
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CMSSM
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Typical MSSM WIMP: g, too large

Want to naturally suppress direct detection while maintaining
‘miracle’ of successful abundance.

If LSP is part of a , (s + ia, x),
additional suppression from derivative coupling.

Like a weak scale axino, but unrelated to CP
Like singlino DM, but global symmetry broken in SUSY limit
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Annihilation: decay to Goldstones
1 m?
Sy = {ov) = <X> ~ 1 pb

Direct detection: CP-even Goldstone mixing with Higgs

2
- - m v m V
mixing ~ —X° ~ 0.0l = og = (fx2> o LISSM

£2
~ O(107* cm?)
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Idea: Light Higgs buried in QCD background
Global symmetry at f ~ 500 GeV with coupling %h?*(0a)?

but dark matter in x?
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Can we the Higgs through a decays, “.’s‘(gll
~ '\)}



P

s +ia)+\/§9X + 6°F

Carries the low-energy degrees of freedom of the UV fields,

q)i B f;-ein/f Z q2f2

Neglecting terms which simultaneously break SUSY and U(1):
SUSY = explicit s mass, m, ~ q;(F;)/f, a massless
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Our non-linear realization of the global U(1) leads to interactions
of the Goldstone fields in through the kinetic (Kahler) terms:

0?K q ;
BABAT = ?(A+A)+

Note the manifest shift-invariance. This leads to:

5= (1 + bl\{?s = ) (1(85)2 = ;(83)2 + I)h“@x)

2 2
1 V2
T AAD
2f< FHbys+ )(X’Y’YX)aua+
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MSSM fields are uncharged under the global U(1), but may mix
with the Goldstone multiplet through higher-order terms in K:

1

f(A+AT) (clHqu+...)+i(A+AT>2(C2HUH0,+...)

K 2f2

The new scalar interactions take the form

LD B(@a)“;ﬂﬁx} (1+ ch;h +)

Where ¢, is a function of the ¢; and the Higgs mixing angles.
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The higher order terms in K also induce kinetic F/—X mixing.
LD i XPPOHS + ic X" uHY| + h.c.

where € ~ v/f.

Mixing with other MSSM fields is suppressed. Assuming MFV,

K:;(AJFAT) (;\;‘Z]QHUU_i_...)

where the scalse M, 4, are unrelated to f or v and can be large
and dependent on the UV completion




Fermions W charged under global U(1) and Standard Model

g

Can a a < a 12 a

L D NG ( aGWGW +2xG,, 0" A )

B a\/§§ yif \ _ a N SEE
8m — \ my, B 87rqw i

4
U(1)Su@3)z
U(1) U(1)3en

Integrating out \? generates y couplings to gluons
2

Can Ca2n . -
S0 <2MAf2> — (2/\/1 f2> XX 66

This contributes to direct detection and collider operators.
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Include explicit UfT) spurion R, = A,f with A\, <1
Wyay = 2> R o'

Perserve SUSY = at least two spurions with opposite charge.

This generates m, = m,, = ms and couplings

L£LO— (a+ 0) ifaXrX +8f2(a + af + ) a®xx

P P

2\/_f

By integration by parts this is equivalent to a shift in the
coefficient from the Kahler potential




4T m2
f
Abundance: (ov) ~ —-——£~ 1 pb
8m my f
p-wave: by 2 1, all other parameters take natural values

Parameter | Description Scan Range
f Global symmetry breaking scale 500 GeV — 1.2 TeV
my Goldstone fermion mass 50 — 150 GeV
m, Goldstone boson mass 8 GeV - /10
by xxa coupling [0,2]
Can Anomaly coefficient 0.06
ch Higgs coupling [-1,1]
) Explicit breaking iay~y®x coupling | 3/2

LD [1(83)24-1_@ } The —— (Xv*7°x) 8 a+ =2 aGG + idaxy’
> 2X X 7 o/2f X777 X) Ou V2 X7 X
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Dominant contribution

Qh? =0.11
3.5 [ T U
L X g
I X .4
™ X Ta X 4
E 257
% I Subleading
E
20
[ X Lo Xl L-@
><j )
f X* Th X7 Th
e 60 g 80 - 100 I 120 ‘ 140 Negliglble
my, [GeV]
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Relevant couplings from EWSB and anomaly:

2 2

272 XXCC 2/\/1 2

{

Effective coupling to nucleons: £ = G NNYY,

>\N m, mpy A 2
Gruc = X = £
2\/§<m§f2)+ %, MA ( 2; )
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Higgs exchange typically dominates by a factor of O(10%).

4 4 2
oM~ 2 115 GeV 700 GeV ( my )2 ( oy )2 An
S h my, f 100 GeV GeV 0.5

Compare this to the MSSM Higgs with £ = %cg;}xh:

2,242 2.2
Mssm €& ANH my . o
> 2r  miv?

Natural suppression: (m,v/f?)? due to Goldstone nature

Is it enough to avoid current direct detection bounds?




Direct Detection
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f=700GeV, Qp=2,6=3 Ny=5
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~-ray line search: 30 — 200 GeV

* Upper bound (ov),, < 2.5 x 107%" cm3/s

® X — a — 7y via anomaly

e For SU(5) fundamentals, (ov).., ~ 2 x 1073(0v)

* (O(10) smaller than bound even for extreme parameters

Diffuse ~-ray spectrum: 20 — 100 GeV
» Bounds Yy to charged particles, 7°s
® X — a — gg via anomaly

* O(10) smaller than bound

Photo-production from DM annihilation: spheroidal galaxies
* Low mass DM m, < 60 GeV, constrains bb decays
* GF: annihilation o always at least a factor of 3 lower
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http://fermi.gsfc.nasa.gov/science/symposium/2011/program

Collider production through gluons. ISR monojet signature is
sensitive to o8 ~ 107*® cm? at the LHC with 100 fb™'.

The dim-7 anomaly operators are too small:

2

TN

i 2

B 2N, P2

XGG — ¥°XGG

gg — a* — xx may be within 50 reach with 100 fb~!

Cascade decays: LOSP — x through

XGA anomaly

X—I:I kinetic mixing
Decays typically prompt, a reconstruction is difficult for light masses.
Heavy fermions W in anomaly may appear as “fourth generation” quarks
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Hard to completely bury the Higgs. LEP: Br(SM)2> 20% = mj, 2> 110 GeV
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Partially buried & invisible: Suppressed SM channels, MET, Iy; < 1
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Executive summary: Goldstone Fermion dark matter

Simple extension of MSSM with natural WIMP dark matter
® Kahler xxa interaction controls abundance
® Higgs mixing, anomaly controls direct detection

¢ Novel collider signature: partially buried/invisible Higgs

Further directions:

® p-wave Sommerfeld enhancement (can push m,, m, to 10 GeV)

-
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Extra Slides
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Simplest example:
W =yS (NN — u2> + No¢ + SH,Hy + Wesplicit
anomaly mixing explicit U]
Example with |by| > 1:
2 A 2 ~x
W = AXYZ — u Z—l—EY N — aNN

gz =0, gv = —qgy = —2qgy = 2qgx. Goldstone multiplet:

A=Y q"iw" = I (Y — Xt + 21V

—f3 + fy + 8f3
fg + fy + 42

by =
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Phys. Lett B 112 (1982) 451; Phys. Rev. D 33 (1986) 1762
Global symmetry: W[®;] = W[e9®;] so that

ZVVJqJ s

. 8W[e’°“"d> ]

Taking a derivative 9/0®; gives:

0
= = Zw.q.cp.)
3¢i(j J9i¥
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= Z VVqufj + W;q;
@ J



Expand Kahler potential, drop total derivatives, integrate out F:

L= K (;8)(0)2 + |a¢|2)

+ TiXU)_(a(¢ —¢")

+1 (K//// _ (Km)2> X2>—<2

4 K"

These terms can be understood in terms of geometric properties
of the vacuum manifold, see e.g.
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We assume that soft SUSY terms that also explicitly break the
global U(1) are negligible. Neglect D-term mixing with A\?, then
fermion mass matrix is W;;. Tamvakis-Wyler:

Z Wiqif; = —qiW; = —qiF;
J

so that x = X°; g;fiw);/f mass depends on how U(1)-charged
F-terms in the presence of soft SUSY terms.

If W has an unbroken R symmetry, then R[x] = —1 which
prohibits a Majorana mass. However, while soft scalar masses
preserve R, A-terms are holomorphic and generally break R
symmetries to contribute to m,,.
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The A-term contribution to m, is equivalent to F-term mixing
between U(1) charged fields and the SUSY spurion, X.

For concreteness, consider gravity mediation with mgs ~ F/Mp,.

K=Y zZ(X,X")olo,

Analytically continue into superspace

+8|nZ
oX

Canonical normalization generates A-terms:

OW| L _9nZF
- dln X M

o =72 <1 F02> o

A‘Csoft N a_q)




ow
AL:s,oft —= (97(1)

271/2 (_aanF)
o= dinX M
Completely incorporates F-term mixing of the form FF,-TCD,-. The
X mass is determined by the induced F; obtained by minimizing

oW |? oW
A -+ h.c. 2112

Assuming A;, m; < f;, generic size is |F;| ~ A;f; so that
m,, ~ A;q;. Often the A-terms are suppressed relative to other
soft terms, so it's reasonable to expect x to be the LSP.

-
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Nucleon matrix elements can be parameterized via

mi(N|Giqi|N) = £ my

The heavy quark contribution via gluons can be calculated by the
conformal anomaly,

W, 2 N _

f; mN—27<1—_X‘;fq()> j=c,b,t
q=u,d,s

Relevant quantity in Higgs exchange:

2
= quq‘N)*E(lz > fé”)) > o

q=u,d,s q=u,d,s q’'=c,b,t
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Some details:

An [ mympy 4mc,,? my (V)
S 1— f;
Gy 22 ( m2f? ) + 9as M,f ( 2

For reduced mass p, = (m;l + my')

2

iggs 4”
055 = 22 [6pZ + Gual A - 2)]

115 GeV\* /700 GeV\* , m 20y N2 ()
H . a10—45 .22 X . -
og ~ 3107 cm Ch( m ) ( f ) (100 GeV) <1 GeV) <0-5>
700 GeV\ 2 /700 GeV\* / Ny \* 4 2
glie o 10748 cm?2 Ny qu M
s ° Cm( M )( f )<5)(2)(1Ge\’)
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If the initial state is a particle-antiparticle pair with zero total
angular momentum and the final state is CP even, then the
process must vanish when v = 0.

Under CP a particle/antiparticle pair picks up a phase (—)t*1.
When v = 0 momenta are invariant and thus the initial state gets
an overall minus sign. Since final state is CP even, the amplitude
must vanish in this limit.

This is why xyx — GG is s-wave while XX — aais p-wave.
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The nucleon matrix element at vanishing momentum transfer:

My = (©) = (N > migiqi + pla) a3 GaglN)

i=u,d,s 4o

= —9a?/2m + - - - contains only the light quark contribution,
My is the nucleon mass. The GG matches onto the nucleon
operator NNV.

ML 4 = (NImiGigi| N) M =1- %" £N)

=u,d,s
i=u,d,s
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BAEZ[) apGap — M (1 -2 fi(N)) NN

i=u,d,s

Where fu(,’c\,l) < M) =~ 0.25. For a detailed discussion, see
0801.3656 and 0803.2360.
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‘Zombie arm’ illustration from
http://plantsvszombies.wikia.com

Beamer theme Flip, available online
http://www.lepp.cornell.edu/~pt267/docs.html

All other images were made by Flip using TikZ and lllustrator
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