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FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

at least down to 1 keV, the possibility remains of some
unrejected surface events closer to threshold. A compar-
ison with the distribution of 241Am surface events (Fig.
2, top) indicates that any such contamination should be
modest.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [7]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [8]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [9] and their uncer-
tainties, respectively. For WIMP masses in the interval 7-
11 GeV/cm2 a best fit to CoGeNT data does not favor a
background-only model. The region encircled by a solid red
line contains the 90% confidence interval in WIMP coupling
for those instances. The relevance of XENON10 constraints in
this low-mass region has been questioned [15]. Bottom panel:
Limits on axio-electric coupling gaēe for pseudoscalars of mass
ma composing a dark isothermal galactic halo (see text).

EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration
towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [6]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.
Fig. 4 (top) displays the extracted sensitivity in spin-

independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribution
to the model acquires a finite value with a 90% confidence
interval incompatible with zero. The null hypothesis (no
WIMP component in the model) fits the data with re-
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Figure 5.1: Simplified schema of the channeling effect in the NaI(Tl) lattice. The axial

channeling occurs when the angle of the motion direction of an ion with the respect to the

crystallographic axis is less than a characteristic angle, Ψc, depicted there. Two examples

for channeled and unchanneled ions are also shown (dashed lines). Figure is from [164]

Figure 5.2: If the channeling effect is considered in the DAMA experiment, larger region

avoids the exclusion by other experiments.
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Comments on “First Dark Matter Results from the XENON100 Experiment”

J.I. Collara and D.N. McKinseyb
aEnrico Fermi Institute, KICP and Department of Physics,

University of Chicago, Chicago, IL 60637
and

bDepartment of Physics,
Yale University, New Haven, CT 06520

The XENON100 collaboration has recently released
new dark matter limits [1], placing particular emphasis
on their impact on searches known to be sensitive to light-
mass (below ∼10 GeV/c2) Weakly Interacting Massive
Particles (WIMPs), such as DAMA [2] and CoGeNT [3].
We describe here several sources of uncertainty and bias
in their analysis that make their new claimed sensitivity
presently untenable. In particular, we point out addi-
tional work in this field and simple kinematic arguments
that indicate that liquid xenon (LXe) may be a relatively
insensitive detection medium for the recoil energies (few
keVr) expected from such low mass WIMPs. To place
the discussion that follows in some perspective, using the
most recently suggested mean value of the galactic escape
velocity [4], an example 7 GeV/c2 WIMP can impart an
absolute maximum of 4 keVr to a xenon nucleus, with
the majority (∼90%) of the events depositing energies
below 1.5 keVr.
It is suggested in [1] that the value of Leff (the ra-

tio between electron equivalent energy and nuclear re-
coil energy) adopted to obtain WIMP limits is constant
(Leff ∼0.12 below ∼10 keVr) and a representative com-
promise encompassing all existing low-energy measure-
ments for LXe 1. Nothing is further from reality.
Attempts to measure Leff can be classified into two

methods [5], fixed-energy neutron experiments with scat-
tered neutron tagging like those exclusively considered
by XENON100, and direct comparisons between broad-
spectrum neutron source calibration data and a variety
of Monte Carlo simulations, like those adopted by the
ZEPLIN collaboration [6]. Results from the latter are in-
cluded as the red band in Fig. 1 here, displaying the dra-
matic drop in Leff observed at recoil energies that would
make a LXe search for light WIMPs a futile exercise. In-
terestingly, a drop in response to low energy recoils seems
to be a common feature to all other attempts to use the
second method (Fig. 2) [7], including the most recent by
the XENON10 collaboration [8]. This last, not shown in
these figures, is a reanalysis of [9]. None of this is men-
tioned in [1], where the authors repeatedly refer to their
selective list of measurements as “all data”.

[1] In a fascinating attempt at trompe l’oeil, an arbitrary monoton-
ically decreasing Leff is plotted in Fig. 1 in [1], but is nowhere
else used. Given the lack of agreement between the closing para-
graph, the Fig. 1 caption and the phrase immediately above Fig.
2, we are led to believe that the lower 90% contour is missing
from Fig. 1 below 5 keVr. This can lead the reader to identify
this contour with the fit to Manzur et al.

FIG. 1: Measurements of Leff in LXe. The red vertical arrow
indicates the calculated value for the kinematic cutoff in recoil
energy (see text). The most recent analysis by the XENON10
collaboration [8], not considered in [1], follows the trend in [5]
(dark blue points). Light-mass WIMPs like those claimed to
be excluded in [1] concentrate their signal beyond the left
margin of this figure. A constant Leff ∼0.12 below ∼10 keVr

is used in [1] to obtain dark matter limits.

While virtues and defects can be listed for both meth-
ods, a common feature of most of these measurements is
the value of Leff (few tens of keVr) at which the drastic
drop in recoil sensitivity appears. This onset and ensu-
ing trend is also visible in the data from [5], the most
recent fixed-energy experiment, featuring the best con-
trol of systematics so far for that particular family of
Leff measurements. Historically speaking, the evolution
of fixed-energy experiments has proceeded monotonically
towards pointing to modest recoil response at the lowest
energies, i.e., towards reconciliation with broad-spectrum
calibrations. This is a fact hidden from view in [1] and
that clashes with their choice of Leff (fig. 1). Most re-
searchers in the field will argue that this behavior (null
Leff at zero or small recoil energy) is to be naturally ex-
pected. Next we provide at least one physical mechanism
supporting this.
The marked drop in Leff at low energies in the exper-

iments that the XENON100 collaboration has ignored
may be understood from simple two-body kinematics af-
fecting the energy transfer from a xenon recoil to an
atomic electron. As already discussed within the con-
text of the MACRO experiment [10], a kinematic cutoff
to the production of scintillation is expected whenever
the minimum excitation energy Eg of the system exceeds

2

FIG. 1: All published data on Leff: The black datapoints

– used for the global fit in the XENON100 paper [1] – are

all published direct measurements of Leff. The red data

(Sorensen (XENON10) [5] and Lebedenko (ZEPLINIII) [6])

are from comparisons of data with Monte Carlo simulations.

They were not used on the global fit because of their possibly

larger systematic uncertainties. The three blue solid contours

are the result from a global fit to all direct measurements

(black) in the region from 5 – 100 keVr. The thinner contours

above and below are the ±90% confidence level contours. The

dashed lines below 5 keVr are the extrapolations as explained

in the text. For the first XENON100 data analysis, only the

best fit and the lower 90% CL contour are used.

extrapolation below 5 keVr as explained above. The thin-
ner contours above and below are the ±90% confidence
level contours from this fit. To be very conservative, the
lower contour is logarithmically extrapolated to energies
below 5 keVr, with Leff = 0 around 1 keVr. The slope
of the extrapolation is far from “arbitrary” but fixed by
a fit to the low energy part of the Yale points [7] and
matched to the lower 90% confidence contour at 5 keVr.

The logarithmic extrapolation is very conservative
since a linear extrapolation describes the low energy part
of the data points from ref. [7] equally well, and would re-
sult in a much higher Leff and hence stronger constraints
on low-mass WIMPs. From the three contours in Fig. 1,
only the central (“global fit”) and the lower one (“lower
90% CL contour”) are used in the XENON100 analysis,
as clearly stated in [1].

3. No satisfactory theory describing the behaviour of
Leff in liquid xenon exists so far. The authors state that
a kinematic cutoff to the production of scintillation is
expected whenever the minimum excitation energy Eg of
the system exceeds the maximum possible energy transfer
to an electron by a slow-moving recoil ion, Emax. They
refer to papers by Ahlen&Tarle [9] and Ficenec, Ahlen,
Tarle et al. [10]. These papers deal with protons in or-
ganic scintillators. Their arguments do not necessarily
apply to Xe-Xe collisions. It is known in fact that Lind-
hard theory [11, 12] is not adequate at very low energies,
where mostly the tails of the ion-ion potential are probed

and the Thomas-Fermi treatment becomes a crude ap-
proximation. For Xe-Xe collisions this corresponds to
about 10 keVr. The electron cannot be treated separately
from the Xe atom and the maximum energy transferred
to an electron cannot be given by simple kinematics, as
advocated in [2].
The collision mechanism for heavy ions at very low

energies may be better described by, e.g., the molecu-
lar orbit theory [13], which involves many-body kinemat-
ics. The argument by Collar and McKinsey is based on
two-body kinematics and would not apply for heavy ion
collisions in the energy region concerned here. In fact,
Ficenec et al. [10] state that “No evidence for a response
cutoff is observed at velocities extending well below the
electron-excitation threshold of 6× 10−4c expected from
two-body kinematics” even for protons. Besides, if Emax

for Xe-Xe is 39 keVr, the kinematics argument cannot
explain the scintillation observed below 39 keVr at all.
Apart from the uncertainty in stopping power calcula-
tions which affect directly nuclear quenching, other fac-
tors may affect Leff through electronic quenching. How-
ever, the current experimental and theoretical situation
is such that there is no proven mechanism which justi-
fies a decreasing Leff with decreasing energy, as strongly
advocated by Collar and McKinsey.
We are fully aware of the impact of Leff on the over-

all sensitivity of noble liquid dark matter experiments
and our answer is simply that we will measure it again,
extending it to the lowest possible energies. We need
accurate data on this quantity and, within the XENON
collaboration, we have already developed two new and in-
dependent set-ups optimized to measure the energy and
field dependence of both electron and nuclear recoils in
liquid xenon.
4. Finally, Collar and McKinsey doubt that we have

properly taken into account the effects of the low number
of photoelectrons at our threshold. (Note that this effect
had not been accounted for in the preliminary plots pre-
sented in their reference [17].) We agree that this has a
crucial impact on the XENON100 sensitivity to low mass
WIMPs, however, it is a fact that an imperfect thresh-
old due to a finite energy resolution leads to a mixing of
events below threshold into the sample and vice versa.
Since the expected WIMP spectrum is a steeply falling
exponential (see Fig. 2), many more sub-threshold events
fall in the energy region above threshold than vice versa.
Due to the low number of detected photoelectrons at

the XENON100 threshold, the energy resolution is com-
pletely dominated by counting statistics, therefore the
expected true differential rate is convoluted with a Pois-
son function to account for this behavior. We also point
out that the XENON100 efficiency is still very high down
to 3 PE.
Figure 2 shows the effect of Poisson broadening of our

threshold for a DAMA benchmark case: There is a small
amount of rate from a 10 GeV/c2 WIMP with a cross
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tional work in this field and simple kinematic arguments
that indicate that liquid xenon (LXe) may be a relatively
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keVr) expected from such low mass WIMPs. To place
the discussion that follows in some perspective, using the
most recently suggested mean value of the galactic escape
velocity [4], an example 7 GeV/c2 WIMP can impart an
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It is suggested in [1] that the value of Leff (the ra-
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coil energy) adopted to obtain WIMP limits is constant
(Leff ∼0.12 below ∼10 keVr) and a representative com-
promise encompassing all existing low-energy measure-
ments for LXe 1. Nothing is further from reality.
Attempts to measure Leff can be classified into two
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tered neutron tagging like those exclusively considered
by XENON100, and direct comparisons between broad-
spectrum neutron source calibration data and a variety
of Monte Carlo simulations, like those adopted by the
ZEPLIN collaboration [6]. Results from the latter are in-
cluded as the red band in Fig. 1 here, displaying the dra-
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terestingly, a drop in response to low energy recoils seems
to be a common feature to all other attempts to use the
second method (Fig. 2) [7], including the most recent by
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– used for the global fit in the XENON100 paper [1] – are

all published direct measurements of Leff. The red data

(Sorensen (XENON10) [5] and Lebedenko (ZEPLINIII) [6])

are from comparisons of data with Monte Carlo simulations.

They were not used on the global fit because of their possibly

larger systematic uncertainties. The three blue solid contours

are the result from a global fit to all direct measurements
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above and below are the ±90% confidence level contours. The

dashed lines below 5 keVr are the extrapolations as explained

in the text. For the first XENON100 data analysis, only the

best fit and the lower 90% CL contour are used.

extrapolation below 5 keVr as explained above. The thin-
ner contours above and below are the ±90% confidence
level contours from this fit. To be very conservative, the
lower contour is logarithmically extrapolated to energies
below 5 keVr, with Leff = 0 around 1 keVr. The slope
of the extrapolation is far from “arbitrary” but fixed by
a fit to the low energy part of the Yale points [7] and
matched to the lower 90% confidence contour at 5 keVr.

The logarithmic extrapolation is very conservative
since a linear extrapolation describes the low energy part
of the data points from ref. [7] equally well, and would re-
sult in a much higher Leff and hence stronger constraints
on low-mass WIMPs. From the three contours in Fig. 1,
only the central (“global fit”) and the lower one (“lower
90% CL contour”) are used in the XENON100 analysis,
as clearly stated in [1].

3. No satisfactory theory describing the behaviour of
Leff in liquid xenon exists so far. The authors state that
a kinematic cutoff to the production of scintillation is
expected whenever the minimum excitation energy Eg of
the system exceeds the maximum possible energy transfer
to an electron by a slow-moving recoil ion, Emax. They
refer to papers by Ahlen&Tarle [9] and Ficenec, Ahlen,
Tarle et al. [10]. These papers deal with protons in or-
ganic scintillators. Their arguments do not necessarily
apply to Xe-Xe collisions. It is known in fact that Lind-
hard theory [11, 12] is not adequate at very low energies,
where mostly the tails of the ion-ion potential are probed

and the Thomas-Fermi treatment becomes a crude ap-
proximation. For Xe-Xe collisions this corresponds to
about 10 keVr. The electron cannot be treated separately
from the Xe atom and the maximum energy transferred
to an electron cannot be given by simple kinematics, as
advocated in [2].
The collision mechanism for heavy ions at very low

energies may be better described by, e.g., the molecu-
lar orbit theory [13], which involves many-body kinemat-
ics. The argument by Collar and McKinsey is based on
two-body kinematics and would not apply for heavy ion
collisions in the energy region concerned here. In fact,
Ficenec et al. [10] state that “No evidence for a response
cutoff is observed at velocities extending well below the
electron-excitation threshold of 6× 10−4c expected from
two-body kinematics” even for protons. Besides, if Emax

for Xe-Xe is 39 keVr, the kinematics argument cannot
explain the scintillation observed below 39 keVr at all.
Apart from the uncertainty in stopping power calcula-
tions which affect directly nuclear quenching, other fac-
tors may affect Leff through electronic quenching. How-
ever, the current experimental and theoretical situation
is such that there is no proven mechanism which justi-
fies a decreasing Leff with decreasing energy, as strongly
advocated by Collar and McKinsey.
We are fully aware of the impact of Leff on the over-

all sensitivity of noble liquid dark matter experiments
and our answer is simply that we will measure it again,
extending it to the lowest possible energies. We need
accurate data on this quantity and, within the XENON
collaboration, we have already developed two new and in-
dependent set-ups optimized to measure the energy and
field dependence of both electron and nuclear recoils in
liquid xenon.
4. Finally, Collar and McKinsey doubt that we have

properly taken into account the effects of the low number
of photoelectrons at our threshold. (Note that this effect
had not been accounted for in the preliminary plots pre-
sented in their reference [17].) We agree that this has a
crucial impact on the XENON100 sensitivity to low mass
WIMPs, however, it is a fact that an imperfect thresh-
old due to a finite energy resolution leads to a mixing of
events below threshold into the sample and vice versa.
Since the expected WIMP spectrum is a steeply falling
exponential (see Fig. 2), many more sub-threshold events
fall in the energy region above threshold than vice versa.
Due to the low number of detected photoelectrons at

the XENON100 threshold, the energy resolution is com-
pletely dominated by counting statistics, therefore the
expected true differential rate is convoluted with a Pois-
son function to account for this behavior. We also point
out that the XENON100 efficiency is still very high down
to 3 PE.
Figure 2 shows the effect of Poisson broadening of our

threshold for a DAMA benchmark case: There is a small
amount of rate from a 10 GeV/c2 WIMP with a cross

3

FIG. 2: Expected spectrum of a 10 GeV/c2 WIMP with a
cross section of 1 × 10−41 cm2 (black, solid), a benchmark
case at the lower edge of the DAMA region. The red (dashed)
lines show the spectrum after a convolution with a Poisson
distribution, the blue (thick dashed) line is corrected for the
XENON100 efficiency. The straight lines are the 3 PE and
4 PE thresholds using the lower 90% CL Leff contour of the
global fit as explained in the text.

section of 1 × 10−41 cm2 leaking into the XENON100
signal region, even at a threshold of 4 PE, correspond-
ing to 9.6 keVr in the case of the lower 90% CL Leff

contour. Based on the light WIMP interpretation of the
DAMA annual modulation signal, we would expect to see
a total of 4.4 events above a lowered threshold of 3 PE
(8.2 keVr for the conservative Leff case), taking into ac-
count our reduced detection efficiency at lower energies
(more than 18 events are expected for the best fit Leff

above 3 PE corresponding to 7.0 keVr). As explained in
our manuscript (see Fig. 3 in [1]) no event is observed
leading to an exclusion of this case at 90% CL.

The same effect at the lower end of the WIMP mass
range favored by CoGeNT (7 GeV/c2 WIMP, cross sec-
tions of 0.5 – 1× 10−40 cm2) reduces the expectation to
0.73 – 1.5 events above a threshold of 3 PE in the case
of the lower 90% CL Leff contour. Hence no significant
conflict is found under this assumption and with the lim-
ited exposure used so far. For the global fit with constant
extrapolation of Leff, this region is excluded at 90% CL.

Fig. 3 shows the impact of the conservative choice of
the 90% lower contour of Leff on the upper limits de-
rived from the first XENON100 dataset, both for our
pre-defined threshold of 4 PE and a lower threshold of
3 PE. In general, other uncertainties play a role at low
WIMP masses as well, e.g., the galactic escape velocity.
We used a value of 544 km/s [14]. We further used a lo-
cal WIMP density of 0.3 GeV/cm3 and a solar velocity of
220 km/s, different (and less optimistic) from the values
used in [2]. Our limits are distinctly different from the
curves presented in [2].

In conclusion, we agree with the authors that the cur-

FIG. 3: 90% confidence limits for the global fit of Leff with a
threshold of 4 PE (black), and curves for the 90% lower con-
tour of Leff at thresholds of 4 PE (yellow) and 3 PE (magenta).
We used the following astrophysical parameters: galactic es-
cape velocity = 544 km/s, WIMP density = 0.3 GeV/cm3,
solar velocity = 220 km/s.

rent situation on Leff in LXe is far from optimal and
must be clarified especially at the lowest Xe recoil ener-
gies. However, in our manuscript we have properly taken
into account the uncertainty by using Leff obtained from
a global fit to all published direct measurements and by
cross-checking the results with the lower 90% CL con-
tour together with a very conservative extrapolation for
Er < 5 keVr.
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XENON 10 ?
arXiv:1006.0972

C. Savage, G. Gelmini, P. Gondolo, 
K.Freese

Channeling quite suppressed

Talk by Dr. Peter Sorensen arXiv:1007.3549
Aside from the scintillation efficiency, focus only S2



We can open up the allowed region.
Considering the low energy background
First bin in DAMA
Some exponential background in CoGeNT
S. Chang, J. Liu, A. Pierce, N. Weiner, I. Yavin,
arXiv:1004.0697

Ambiguity in the experimental parameter       
or halo profile

Changing the fraction of channeling in DAMA
CoGeNT and DAMA compatible?
Need more research on the channeling 
Prof. Gelmini’s talk based on arXiv:1006.3110



Light DM
Focus on the optimistic side that the left 
signal region is from the DM scattering 

The channeling effect in DAMA/LIBRA is not 
so suppressed.

DM of mass < 10 GeV 
(Conservatively, 4-7 GeV : <6 GeV is OK) 

This region is interesting to be analyzed.

So it is meaningful to investigate the model 
of light DM of this parameter region.

σSI ∼ 10−40cm2



Light DM in SUSY

σSI ∼ 10−40cm2



Light DM in SUSY

Figure 2.1: Figure representing the components of our universe.

the mission by WMAP, the new satellite observing CMB anisotropies called as Planck will

succeed the mission, which is launched on May 14th 2009 by the European Space Agency

(ESA).

Searching dark matter candidates, scientists first investigated baryonic objects like MAs-

sive Compact Halo Objects (MACHOs) as well as hydrogen gas[34]. MACHOs contain brown

and white dwarfs, Jupiter-like objects, neutron stars, and stellar black hole remnants. It is

also possible to consider primordial blackholes[35] as MACHOs, which can be investigated

by looking at Large Magellanic Cloud and observing microlensing effect. The baryonic can-

didates, however, are not enough to explain the hole dark matter concerning the result

that baryonic matter has a very small portion in the present universe from the researches

using the CMB and BBN as we concluded in the previous paragraph. Therefore, it is in-

evitable to investigate the non-baryonic matter to search DM candidates in our universe.

The non-trivial observational constraint on the relic density (2.3) is the most powerful bea-

con constructing the models of dark matter. Within the Standard Model contents, neutrino

is the only species which could be possibly considered as non-baryonic DM, however, it is

proved that SM neutrino is not a satisfactory candidate mainly due to the constraint on the

relic abundance (2.3), which will be investigated in detail later in Sec. 2.2. Therefore, it is

necessary to construct a new theory beyond the Standard Model to explain the right amount

of non-baryonic DM. In addition to the non-baryonic DM, there are many properties in our
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Light DM in SUSY

SM matters not enough : The evidence of 
new physics beyond the SM

We focus on SUSY which is one of the 
promising candidates of the new physics.

So we search the viable parameter space to 
explain light DM of 4-7 GeV and              
in SUSY models with minimal d.o.f  

Figure 2.1: Figure representing the components of our universe.

the mission by WMAP, the new satellite observing CMB anisotropies called as Planck will

succeed the mission, which is launched on May 14th 2009 by the European Space Agency

(ESA).

Searching dark matter candidates, scientists first investigated baryonic objects like MAs-

sive Compact Halo Objects (MACHOs) as well as hydrogen gas[34]. MACHOs contain brown

and white dwarfs, Jupiter-like objects, neutron stars, and stellar black hole remnants. It is

also possible to consider primordial blackholes[35] as MACHOs, which can be investigated

by looking at Large Magellanic Cloud and observing microlensing effect. The baryonic can-

didates, however, are not enough to explain the hole dark matter concerning the result

that baryonic matter has a very small portion in the present universe from the researches
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necessary to construct a new theory beyond the Standard Model to explain the right amount

of non-baryonic DM. In addition to the non-baryonic DM, there are many properties in our
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Light DM in SUSY
Two Higgs doublets (Hu, Hd  realistically)
Heavy CP-even neutral Higgs : H
Light CP-even neutral Higgs : h
(CP-odd Higgs A and two charged Higgs)
�
H

h

�
=

�
cosα sinα
− sinα cosα

��
H

0
d

H
0
u

�

tanβ = vu/vd  ; v² = vu ² + vd ²

−π

2
≤ α ≤ π

2



Light DM in SUSY

The WIMP and s-quark coupling is dominant 
in WIMP-nucleon scattering due to large
J.R. Ellis, A. Ferstl, K.A. Olive, PLB481, 304 (2000)

The t-channel exchange of Hd-like CP-even 
Higgs is dominant in the WIMP-nucleon 
scattering. (Neglected scalar quark exchange 
since scalar quarks are usually heavier than 
Higgs to satisfy the collider bounds)

σSI =
4m2

r

π
f2
p(n),

fp,n =
�

q=u,d,s

f (p,n)
Tq

aq
mp,n

mq
+

2

27
f (p,n)
TG

�

q=c,b,t

aq
mp,n

mq
,

f (p,n)
Ts



Light DM in SUSY
σSI : (Higgs - s quark)² (Higgs - WIMP)² / M⁴

Two cases to obtain the large σSI

(1) Hd-like Higgs : Heavy H, large tanβ
       (H : Heavy Higgs mediation)
    (tanβ)² (mH)⁻⁴ term is dominant in σSI.

(2) Hd-like Higgs : Light h, small tanβ
       (h : Light Higgs mediation)
    (tanβ)² (mh)⁻⁴ term is dominant in σSI.



Light DM in SUSY
σSI : (Higgs - s quark)² (Higgs - WIMP)² / M⁴

Two cases to obtain the large σSI

(1) Hd-like Higgs : Heavy H, large tanβ
       (H : Heavy Higgs mediation)
    (tanβ)² (mH)⁻⁴ term is dominant in σSI.

(2) Hd-like Higgs : Light h, small tanβ
       (h : Light Higgs mediation)
    (tanβ)² (mh)⁻⁴ term is dominant in σSI.
Constraints from the other experiments must 
be considered.



Heavy Higgs mediation

H : as heavy as ≳ 100 GeV  tanβ ≳ 200           

σSI � 1.6× 10−40 cm2 ×
�
N13

0.4

�2� tanβ

200

�2�100 GeV

mH

�4

When H is not much heavier than h 
For large tanβ 

The parameter space with such large tanβ is 
highly constrained by the branching ratio of

Considering the upper limit in H/A →τ⁺τ⁻, it 
is impossible to obtain such high
E. Kuflik, A. Pierce, K. Zurek, arXiv:1003.0682 

Bs → µ+µ−

σSI ∼ 10−40cm2



Heavy Higgs mediation

H : as heavy as ≳ 100 GeV  tanβ ≳ 200           

σSI � 1.6× 10−40 cm2 ×
�
N13

0.4

�2� tanβ

200

�2�100 GeV

mH

�4

When H is not much heavier than h 
For large tanβ 

The parameter space with such large tanβ is 
highly constrained by the branching ratio of

Considering the upper limit in H/A →τ⁺τ⁻, it 
is impossible to obtain such high
E. Kuflik, A. Pierce, K. Zurek, arXiv:1003.0682 

Bs → µ+µ−

σSI ∼ 10−40cm2

Light Higgs mediation must be considered! 



Light Higgs mediation
h is Hd-like and mh ≪ mH with moderate tanβ

σSI � 1.9× 10−40 cm2 ×
�
N13

0.3

�2� tanβ

3

�2�10 GeV

mh

�4

,

This is obtained for α≃β : LEP constraint.

h : as light as O(10) GeV  tanβ can be O(1)

LEP constraints on the Higgs must be 
considered since h is lighter than 114.4 GeV.
(1) Higgsstrahlung 
             e⁺e⁻ → Z* → Zh 
(2) Associative production 
             e⁺e⁻ → Z* → hA



Light Higgs mediation

RhA ≡ σ(e+e− → Z∗ → hA)SUSYB(h → b̄b)B(A → b̄b)

σ(e+e− → Z∗ → hA)ref

= cos2(α− β)B(h → b̄b)B(A → b̄b)

RhZ ≡ σ(e+e− → Z∗ → Zh)MSSM

σ(e+e− → Z∗ → Zh)SM
= sin2(α− β)

ref : gZhA = gSMZZh

(1) h and A mainly decay to  bb̄
    mh > 10 GeV
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Light Higgs mediation
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Light Higgs mediation

RhZ ≲ 0.01 and RhA ≲ 0.2 
for mh ≲ 20 GeV, mA ≤ 110 GeV
LEP Higgs Working Group LHWG-Note-2005-01

RhA ≡ σ(e+e− → Z∗ → hA)SUSYB(h → b̄b)B(A → b̄b)

σ(e+e− → Z∗ → hA)ref

= cos2(α− β)B(h → b̄b)B(A → b̄b)

RhZ ≡ σ(e+e− → Z∗ → Zh)MSSM

σ(e+e− → Z∗ → Zh)SM
= sin2(α− β)

ref : gZhA = gSMZZh

(1) h and A mainly decay to  bb̄
    mh > 10 GeV



Light Higgs mediation
α≃β to satisfy the Higgsstrahlung constraint.

Then, cos(α-β) ≃ 1 in the associative 
production.
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Remind RhA is proportional to B(h → bb)

This is suppressed if h dominantly decays to 
the neutralino pair.
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Light Higgs mediation
α≃β to satisfy the Higgsstrahlung constraint.

Then, cos(α-β) ≃ 1 in the associative 
production.

Remind RhA is proportional to B(h → bb)

This is suppressed if h dominantly decays to 
the neutralino pair.

χχ̄

mh ≳ 2 mχ (〜 20 GeV) and low tanβ ≲ 3 may 
provide plausible parameter space.
(tanβ ≲ 3 : C.E. Yaguna, PRD 76, 075017 (2007) )



Light Higgs mediation

No constraint from the 
associative production for  
mA ≤ 120 GeV.

Instead, the constraint from
the radiative Υ decay Υ→hγ 
is on rise as well as the 
Higgsstrahlung sin(α-β)≃0.

(2) h mainly decays to τ⁺τ⁻
    mh < 10 GeV

Strongest experimental bound 
→ Most conservative Higgs mass bound  

B(Υ → hγ) < 10−5



Light Higgs mediation

No constraint from the 
associative production for  
mA ≤ 120 GeV.

Instead, the constraint from
the radiative Υ decay Υ→hγ 
is on rise as well as the 
Higgsstrahlung sin(α-β)≃0.

(2) h mainly decays to τ⁺τ⁻
    mh < 10 GeV

Strongest experimental bound 
→ Most conservative Higgs mass bound  

B(Υ → hγ) < 10−5

mh � 8.9GeV



Light Higgs in the MSSM

tanβ ≲ 5 : β is near to π/2

To obtain such light Higgs, mA < MZ 
since MZ is fixed as 〜 90 GeV

Tree level Higgs mass matrix in the MSSM
�

M2
Zc

2
β +m2

As
2
β −(M2

Z +m2
A)sβcβ

−(M2
Z +m2

A)sβcβ M2
Zs

2
β +m2

Ac
2
β

�

Plausible light Higgs 9 GeV ≲ mh ≲ 20 GeV 

cβ = cosβ, sβ = sinβ (H0
d , H

0
u)basis



Light Higgs in the MSSM
mA << MZ : h is mostly down-type  α ≃ π/2
           Not favored by invisible Z-width Z→hA

mA ≲ MZ : Maximal mixing α ≃ -π/4
            Not favored by the Higgsstrahlung 
            since β is positive 



Light Higgs in the MSSM
mA << MZ : h is mostly down-type  α ≃ π/2
           Not favored by invisible Z-width Z→hA

mA ≲ MZ : Maximal mixing α ≃ -π/4
            Not favored by the Higgsstrahlung 
            since β is positive 

Light Higgs mediation scenario cannot be realized 
in the MSSM!



Light Higgs in the BMSSM
We consider additional correction to the 
tree level Higgs mass : BMSSM
M.Dine, N. Seiberg, S. Thomas, PRD 76, 095004 (2007)

�
M2

Zc
2
β +m2

As
2
β + 4v2�1s2β + 4v2�2s2β −(M2

Z +m2
A)sβcβ + 4v2�1

−(M2
Z +m2

A)sβcβ + 4v2�1 M2
Zs

2
β +m2

Ac
2
β + 4v2�1s2β + 4v2�2c2β

�

We consider the BMSSM to realize the light 
Higgs mediation scenario with minimal contents.
(without additional light d.o.f. such as NMSSM
 J.F. Gunion, D. Hooper, B. McElrath, PRD 73, 015011 (2006) )  



Light Higgs in the BMSSM
Negative ε₂ correction effectively reduces 
mA² in the MSSM to mA²+4v²ε₂ so that very 
light h scenario can be realized without 
introducing light CP-odd Higgs.

Positive ε₁ correction can reduce the off-
diagonal Higgs mixing. 
When 4v²ε₁ ≳ (MZ²+mA²) sβcβ, we achieve 
α≲π/2 so that the Higgsstrahlung bound can 
be avoided.



Light Higgs in the BMSSM

mh larger than 10 GeV may demand smaller 
tanβ < 3 to satisfy the constraint from RhA   
Large ε₁,₂ to satisfy                      (>10%)

Light Higgs in the BMSSM

σSI ∼ 10−40cm2



Light Higgs in the BMSSM

mh larger than 10 GeV may demand smaller 
tanβ < 3 to satisfy the constraint from RhA   
Large ε₁,₂ to satisfy                      (>10%)

Light Higgs in the BMSSM

σSI ∼ 10−40cm2

 9 GeV ≲ mh ≲ 10 GeV with sin(α-β) < 0.01
is favored in the BMSSM 



Since the neutralinos are very light ≲ 7 GeV, 
they annihilate only to light fermions at the 
freeze-out.

The neutralino is much lighter than A, scalar 
quarks, and Z-boson so that the dominant 
annihilation process is mediated by the CP-
even Higgs h which is a P-wave process.

Small tanβ 〜 3 constrains the interaction of 
h to the SM fermions.

Therefore, the resonant annihilation is the 
only possible process to obtain the right relic 
abundance. 

Relic abundance 



Relic abundance



Conclusions
Light DM of < 10 GeV and 10-40 cm2 is being 
focussed on these days.

We searched such reliable parameter space 
within SUSY models which is one of the 
promising candidates of the new physics 
beyond the SM (with the minimal number of 
contents)

 We found that light Hd like Higgs mediation 
with low tanβ is viable 

MSSM is not suitable for the light mediation : 
BMSSM is considered.



From the constraints by other experiments 
such as LEP, Upsilon decay, we found reliable 
range for the mass of the light Higgs 9-10 GeV 
within the plausible parameter space of 
BMSSM. 

The relic abundance of the light neutralino is 
obtained by the resonant process in the pair 
annihilation to give the right value observed by 
WMAP. Therefore, WIMP mass 5-6 GeV is 
viable. (Anyway survived : Dr. Sorensen’s result)

Consequently, we succeeded to obtain the 
reliable parameter space for light DM 
consistent with CoGeNT and DAMA/LIBRA, 
without introducing additional light d.o.f.



Merci beaucoup!



Back-up slides

Grey : B→τν    

Below the red region : φ→ττ



Back-up slide

Upsilon decay

B(Υ → hγ) ≈ 1.59× 10−4 × z(0.928− 0.302z−1/2) tan2 β

z = 1−m2
h/m

2
Υ


