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Imagine if you will

It’s 2015. $lots fb−1 collected at the LHC. CLEO, Belle, BaBar are

distant memories. Maybe upgrades are running, maybe not. The

LHC tells us:

• There are no new missing energy signatures at all.

• There are missing energy signatures, but dark matter is light, and

with the hadronic environment, the LHC can’t tell Mχ = 5 GeV

from Mχ = 0.

• There are missing energy signatures, but when we compare with

WMAP and direct detection, serious inconsistencies arise. People

suspect the particle measured in direct detection is different from

the one produced at the LHC.



Imagine if you will

• Higgs signatures are not found, or occur in a complex mode such

as h2 → h1h1 that involves a ligher particle h1.

At that point we will say:

We had an excellent opportunity with B-, c-, and τ-factories to study

the low-mass region Mχ < 5 GeV, Mh1
< 10 GeV, why didn’t we take

it?

Discussion question: What if the LHC indicates that new measure-

ments need to be taken at low energies? What facilities will be

available and what contingencies will be in place?

But why wait for the LHC?



DAMA Evidence

DAMA is a 100kg NaI detector. They observed an annual modulation

signal consistent with a WIMP with mass Mχ0 = 52+10
−8 GeV and a

cross section σ = 7.2+0.4
−0.9 × 10−6 pb. [Phys.Lett.B480:23-31,2000]

This is inconsistent with recent CDMS results using Si and Ge. [astro-

ph/0405033]

It was pointed out that Na has a lower detection threshold than Si and

Ge, making DAMA more sensitive to light dark matter. Furthermore,

a “wind” passing through our local region can make DAMA and

CDMS compatible. [Gondolo, Gelmini, Savage, Freese]



DAMA/CDMS Compatability

[Gondolo, Gelmini, hep-ph/0504010]



INTEGRAL Evidence

The SPI spectrometer aboard the INTEGRAL satellite observes a

gaussian profile of 511 keV γ-rays coming from the inner kiloparsec

of our galaxy. Attempt to explain this from astrophysical sources

have failed thus far.

If this is coming from dark matter annihilation, the dark matter must

be in the range me < mχ0 < 20 MeV (and possibly as low as 3 MeV:

Yuksel [astro-ph/0609139]). This annihilation must not produce any

π0 or high-energy photons from e+e−γ final state, due to COMPTEL

and EGRET limits on gamma rays.

Annihilation through Z0 and MSSM higgses is not efficent enough to

prevent a neutralino this light from over-closing the universe.

⇒ A new SM-DM annihilation mediator is required.



INTEGRAL Spectrum

[Knödlseder et. al. astro-ph/0506026]



INTEGRAL Spectrum

[Jean et. al. astro-ph/0509298]



The HyperCP Events

The HyperCP experiment has detected Σ+ → p+µ+µ− at a rate

consistent with the Standard Model (a virtual γ decaying to µ+µ−).

But their events all lie in a narrow bin. They claim this could be

a new narrow pseudoscalar particle decaying to µµ. [Park et. al.

hep-ex/0501014]



What do we know?

• If Dark Matter is decoupled, we could never discover it.

• If not, we assume it was in thermal equilibrium at some point.

• WMAP has measured the relic density, and therefore, the annihi-
lation cross section.
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How light can Dark Matter be?

Let us concentrate on the region that can be tested by BaBar, Belle,
BESIII, CLEO, and similar experiments: Mχ < 5 GeV.

Such light Dark Matter must not couple significantly to the Z boson.
For SUSY theories this means the Higgsino component of the lightest
neutralino ε2u − ε2d < 6%. Binos and neutral Winos do not couple to
the Z. Here:

χ0
1 = εuH̃u + εdH̃d + εBB̃ + εWW̃0 + . . .

BR(Z → invisible) = 20.00± 0.06% is well measured, and consistent
with SM expectation of Nν = 3.

The Z and MSSM Higgses do not generally provide a strong enough
annihilation to get the correct relic density if Mχ < 20 GeV.

The only model-independent limit on dark matter is Mχ >∼ 2 eV (be-
cause we don’t want it to be relativistic at present times).

Dreiner et. al. [arXiv:0707.1425], Gunion, Hooper, BM [hep-ph/0509024]



Annihilation Mediators

Light dark matter requires a new annihilation mediator U in addition
to the Dark Matter itself.
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If the annihilation mediator appears in the t-channel (right), must
carry Standard Model quantum numbers. Such as, squarks, sleptons,
charginos, etc.

Let’s assume we have not missed any charged or colored states with
M <∼ 100 GeV.

In the s-channel, the parameter space consists of the couplings gUχχ
and gUff̄ , and masses Mχ and MU .



t → −t

The time-reversed annihilation diagram corresponds to the invisible

decay of particle -onia.

χ

χq

q̄

Measuring an invisible decay gives direct sensitivity to the JCP of the

mediator!

We have many ff̄ bound states: π0, ρ, η, ω, η′, J/Ψ, χc, χb, Υ, ηb,

etc.



Näıve Branching Ratio Expectations

Using the WMAP measurement Ωh2 = 0.113 and

Ωh2 '
3× 10−27cm3/s

〈σv〉
Where v is the average velocity at freeze-out, v = T = mχ/20. The
invisible width of a hadron composed dominantly of qq̄ is given by:

Γ(H → χχ) = f2
HMHσ(qq̄ → χχ)

and σ(qq̄ → χχ) ' σ(χχ → qq̄). This gives

BR(Υ(1S)→ χχ) ' 0.61% BR(J/Ψ→ χχ) ' 0.036%

BR(η → χχ) ' 0.0074%

Scalars and Pseudoscalars tend to have very small branching ratios
(<∼ 10−7) because they are wider. These expectations are maximal
given these näıve assumptions. We lose by factors of 2 if χ is Majorana
instead of Dirac, or a scalar. But treating the relic density properly
introduces much larger variation than this. (Rule of thumb: DM
partial width is O(eV))



Dark Matter in Particle Decays

In order to see an invisible decay of a hadron H, we must tag the

state so that we know that H was created.

One way to do this: radiative decays.

Many particles have radiative decays from excited states involving a

π+π− pair. e.g. Ψ(2S)→ J/Ψπ+π−, η′ → ηπ+π−.

Knowledge that two narrow resonances were formed gives us strong

kinematic constraints.

We have B-factories running at the Υ(4S), so I studied Υ(nS) →
Υ(1S)π+π− (where n = 2,3).

Belle had a better idea: run on the Υ(3S). Almost the same analysis,

but signal is enhanced by O(104).



Invisible Decays

Until recently, only two particles have any limit on their invisible width:
π0 and Z.

ΥU

f̄

f

These are the first collider measurements of invisible meson decay

BR(Υ→ invisible) < 0.25%(Belle[hep− ex/0611041])

BR(Υ→ invisible) < 0.39%(CLEO[hep− ex/0612051])

BR(η → invisible) < 0.065%(BESII[hep− ex/0607006])

BR(η′ → invisible) < 0.14%(BESII[hep− ex/0607006])



Relic Density Calculation

(left solid) scalar DM, vector mediator

(left dotted) scalar DM, axial vector mediator

(right solid) fermion DM, scalar mediator

(right dotted) fermion DM, pseudoscalar mediator

[D. Hooper, B. McElrath, to appear]



The NMSSM and µ-solvable models

The NMSSM was originally designed to solve the µ problem in the
MSSM by adding a single chiral supermultiplet that is uncharged
under SM gauge symmetries. Its superpotential is

W = λSHuHd +
κ

3
S3 (1)

when the scalar compnent of S gets a vev, µ = λ〈S〉 is dynamically
generated, solving the µ problem.

The matter spectrum is extended to have one extra neutralino (called
the singlino), one extra CP-even higgs, and one extra CP-odd higgs.

After SUSY is broken, trilinears and soft masses are generated for S:

Vsoft ⊂ AλλSHuHd + AκκS3 + m2
SS2 (2)

There are other ways to add a singlet and also solve the µ problem.
(e.g. MNSSM, singlets to break extra gauge groups, etc) We take the
NMSSM to be a prototype for “µ-solvable” models. The necessary
features for light dark matter should be found in any µ-solvable model.



Light Neutralinos in the NMSSM

The MSSM can allow a massless neutralino. Solving detMχ0 = 0:

M1 =
M2

Z sin2 θW sin(2β)M2

M2µ−M2
W sin(2β)

(3)

This gives 80MeV < M1 < 16GeV for reasonable parameters.

By a similar analysis, the NMSSM can also allow a massless neutralino

(with M1 as large as 55 GeV).

To evade Z → invisible constraints, a neutralino lighter than MZ/2 '
45 GeV must be mostly bino or mostly singlino.

The lightest neutralino (LSP) can be any linear combination of bino

and singlino, since for a given singlino mass we can tune M1 to be

near it, and therefore get any singlino-bino mixing angle we want.



Light A1 in the NMSSM

There are two CP-odd A bosons in the NMSSM. After removing the

goldstone corresponding to the Z, we can write the lightest as:

A1 = cos θAAMSSM + sin θAAS. (4)

In either the large tanβ limit or large 〈S〉 limits, M2
A1

' 3κAκ〈S〉.
(Alternatively: M2

A1
= 3κ

λAκµ)

Thus, A1 will be light and mostly singlet in the small κ and/or small

Aκ limits.

The light A1 can also be MSSM-like if the angle cos θA is large. This

is possible but constrained. For Mχ0 < 5 GeV:

cos θA tanβ < 5 LEP Z → b̄bb̄b or τ+τ−τ+τ−

cos θA tanβ < 3 b → sγ, Bs → µµ, and (g − 2)µ

cos θA tanβ < 0.5 Υ→ γχ0χ0 (Mχ0 < 1.5 GeV)



U(1) symmetries give a small MA

W = λSHuHd + κS3 Vsoft = λAλSHuHd + κAκS3 (5)

Peccei-Quinn symmetry is approximate in κ � 1, Aκ � MSUSY limit.

[Miller, Moretti, Nevzorov, hep-ph/0501139 (among others)]

R-symmetry (not respected by supersymmetry): is approximate in

κAκ, λAλ � MSUSY limit. [Dobrescu, Matchev, hep-ph/0008192]

In both cases, A1 is the PNGB of the broken symmetry.

In “Secluded Sector” models with a gauged U(1)′, the Z − Z′ mass

hierarchy can also generate a small MA:

m2
A1
' m2

SSi

vsvsi

v2
si + v2

s3

(6)

[Erler, Langacker, Li, hep-ph/0205001; Han, Langacker, McElrath

hep-ph/0405244; Barger, Langacker, Lee, Shaughnessy hep-ph/0603247]



We want a light A1

A light A1 can eliminate the fine-tuning problem in the MSSM.

Dermisek, Gunion, hep-ph/0502105, hep-ph/0510322, hep-ph/0611142,

arXiv:0705.4387



Υ and J/Ψ Decays

If kinematically allowed, vector resonances can decay into a photon

and A1.

Γ(V → γA)

Γ(V → µµ)
=

GFm2
b√

2απ

(
1−

M2
H

M2
V

)
cos2 θAx2. (7)

where x = tanβ for Υ and x = cotβ for J/Ψ.

The 3-body decay Υ→ χ0χ0γ is also measured.

It is claimed that by measuring both Υ → A1γ and J/Ψ → A1γ, the

standard axion is ruled out. However

BR(Υ→ A1γ)×BR(J/Ψ→ A1γ) ∝ cos4 θA (8)

which is generally quite small. Thus we can evade these limits even

for M0
χ < MJ/Ψ/2 (or MA1

< MJ/Ψ).



Υ and J/Ψ decays



Υ and J/Ψ decays



Υ decays and relic density
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CLEO limits are BR(Υ→ γχ0χ0) ' 3× 10−5 for Mχ0 < 1.5 GeV.

CLEO used only 48 pb−1 of data (about 1M Υ(1S)). They have
20 times this recorded. BaBar and Belle have produced about 5M
Υ(1S) each with ISR.
This measurement can be drastically improved with existing data!



Conclusion(s)

(Some of the) Interesting new physics measurements sensitive to dark
matter or singlet higgses are:

Υ→ invisible J/Ψ→ invisible

η → invisible Υ→ γ + invisible

B+ → K+ + invisible Υ→ γA1, A1 → τ+τ−

K+ → π+ + invisible J/Ψ→ γA1

e+e− → ττA1 J/Ψ→ γA1, A1 → µ+µ−

D+ → X( l/+) + invisible B+ → X( l/+) + invisible

We should attempt to measure all invisible branching ratios that are
practical to measure. Invisible widths can be strongly enhanced if
they happen to lie near the mediator mass!

All possible values for the mediator U and DM χ should be considered,
unless they’re excluded by data.

Direct detection prospects for light DM look bleak unless H1 is light.

We propose a model-independent effective Lagrangian that can be
used for light DM studies.


