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Introduction

Particle Standard Model has been completed by Higgs discovery in 2012.

Our next step is identification of new physics in nature and further fundamental 
understanding of elementary particles and the interactions beyond SM.

We already have the hints. 

Neutrino mass and mixing are experimentally well-established on earth. 

Some of primordial quantities in early universe has been well established.

CMB photon after the decoupling from heat bath.

light elements abundances in Big Bang Nucleosynthesis

Any other hints from cosmology/astrophysics?

massless number of freedom→number of (light) neutrinos

e.g.

Fortunately these made possible to estimate further primordial values, 

e.g. dark matter relic abundance and baryon number



WIMP and the thermal relic: a hint for new physics scale beyond SM

 elastic scattering with SM particles
(Kinetic equibilium)

DM annihilation
(Thermal freezeout/Indirect detection)

SM particle

SM particle

DM production (collider)

6

cosmological evolution of the DM particle can be traced through the following Boltzmann

equation:

dn�

dt
+ 3H(T )n� = �h�vi(n2

� � n2

�,eq), (1)

describing the DM number density n� in turn defined as:

n�(T ) =

Z
d3p

(2⇡)3
f�(p, T ), (2)

with f� being the DM distribution function. The quantity h�vi, dependent on tem-

perature T , is the thermally averaged pair annihilation cross-section associated to the

process �� ! SMSM while H(T ) is the Hubble rate. n�,eq is the equilibrium number

density obtained by eq. (2) by replacing f� with the equilibrium distribution function

(by convenience one typically adopts the Maxwell-Boltzmann distribution):

n�,eq = g�
m2

�T

2⇡
K

2

⇣m�

T

⌘
, (3)

where g� is the number of internal degrees of freedom of the DM particle, m� its mass,

and K
2

is the modified Bessel function of second type.

As the Universe expands, the scale factor increases and the temperature decreases.

Assuming that � continues to be in thermal equilibrium, eventually the temperature

drops below the DM mass, and the annihilation rate for DM particles, which depends

linearly on the number equilibrium density n�,eq, enters the so-called “Boltzmann-tail”,

n�,eq / exp(�m�/T ) (m� ⌧ T ); the annihilation rate then eventually fall below the

Universe expansion rate, H(T ) (a power-law in temperature, / T 2 in the radiation-

dominated universe), leading to the thermal freeze-out of this “cold” relic. Thereafter,

the DM comoving number density Y� = n�

s is approximately constant1.

The DM abundance is typically expressed as a fraction ⌦
DM

= ⇢
DM

/⇢
cr

of the critical

density of the universe ⇢
cr

(T ) = 3H(T )2M2

PL

/8⇡ times h2 where h is the Hubble expan-

sion rate today in units of 100 km/s/Mpc. ⇢
cr

(T
0

) ' 10�5 GeV cm�3 today.The thermal

1 See ref. [22] for an exception (“relentless” DM) for modified expansion histories.

This could allow us to identify new physics scale.  <σv>~(α/m)^2~1pb

If DM relic relate to thermal freeze out,  DM may become deeper probes for the early universe.

Something unexpected happened after DM relic freeze out can be imprinted as mismatches with 
the present value.
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FIG. 2. Left: Illustrative impact of energy threshold, exposure and target nucleus. Right: Impact

of background and exposure on the sensitivity. Taken from ref. [85].

We adopt the latest result from LUX based on 3.35⇥ 104 kg-day exposure. This recent

limit represents a factor of four improvement over previous results. In particular, spin-

independent cross sections above 2.2 ⇥ 10�46cm2 are excluded at the 90% C.L for a

WIMP mass of 50 GeV [53].

Similarly, PANDA-X collaboration with a very similar exposure found a limit which is

basically identical to the one obtained by LUX. Thus, in the upcoming figures, whenever

we quote LUX, it also reads PANDA-X [86].

• Current spin-dependent limit:

We adopt the latest results from PANDA-X reported in ref. [87] which overlaps with

the XENON100 limits and LUX at higher WIMP masses at 90% C.L. but significantly

improving them at lower masses. PANDA-X result is based on 3.3⇥104 Kg of exposure,

and in particular excludes the WIMP-neutron spin-dependent scattering cross section

of 4.1 ⇥ 10�41cm2 for a WIMP mass of 40 GeV. In the figures these limits are labeled

as LUX to keep them uniform. Hopefully PANDA-X will continue to run and improve
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FIG. 4: The spin-independent WIMP-nucleon cross sec-
tion limits as a function of WIMP mass at 90% confidence
level (black) for this run of XENON1T. In green and yellow
are the 1- and 2� sensitivity bands. Results from LUX [26]
(red), PandaX-II [27] (brown), and XENON100 [23] (gray)
are shown for reference.

events would appear at unusually low cS2b due to charge
losses near the wall. The inward reconstruction is due to
limited position reconstruction resolution, especially lim-
ited for small S2s, near the 5 (out of 36) top edge PMTs
that are unavailable in this analysis.

Sixth and last, we add a small uniform background in
the (cS1, log cS2b) space for ER events with an anoma-
lous cS2b. Such anomalous leakage beyond accidental
coincidences has been observed in XENON100 [23], and
a few such events are seen in the 220Rn calibration data
(Fig. 2a). If these were not 220Rn-induced events, their
rate would scale with exposure and we would see nu-
merous such events in the WIMP search data. We do
not observe this, and therefore assume their rate is pro-
portional to the ER rate, at (0.08+0.11

�0.06) events based on
the outliers observed in the 220Rn calibration data. The
physical origin of these events is under investigation.

The WIMP search data in a predefined signal box was
blinded (99% of ERs were accessible) until the event se-
lection and the fiducial mass boundaries were finalized.
We performed a staged unblinding, starting with an ex-
posure of 4 live days distributed evenly throughout the
search period. This did not result in changes in the event
selection.

A total of 63 events in the 34.2-day dark matter
search data pass the selection criteria and are within the
cS12 [3, 70] PE, cS2b 2 [50, 8000] PE search region used
in the likelihood analysis (Fig. 2c). None are within
10 ms of a muon veto trigger. The data is compatible
with the ER energy spectrum in [9] and implies an ER
rate of (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee),
compatible with our prediction of (2.3 ± 0.2) ⇥ 10�4

events/(kg⇥ day⇥ keVee) [9] updated with the Kr con-
centration measured in the current science run. This is

the lowest ER background ever achieved in a dark matter
experiment. A single event far from the bulk distribution
was observed at cS1 = 68.0 PE in the initial 4-day un-
blinding stage. This appears to be a bona fide event,
though its location in (cS1, cS2b) (see Fig. 2c) is extreme
for all our physical background models and WIMP signal
models. One event at cS1 = 26.7 PE is at the �2.4� ER
quantile.

For the statistical interpretation of the results, we
use an extended unbinned profile likelihood test statis-
tic in (cS1, cS2b) with the asymptotic distribution for-
mula from [24]. The signal and background models were
evaluated in (cS1, log cS2b) bins. We propagate the un-
certainties on the most significant shape parameters (two
for NR, two for ER) inferred from the posteriors of the
calibration fits to the likelihood. The uncertainties on the
rate of each background component mentioned above are
also included. Finally, we employ the procedure from [25]
to account for mismodeling of the ER background.

The data is consistent with the background-only hy-
pothesis. Fig. 4 shows the 90% confidence level upper
limit on the spin-independent WIMP-nucleon cross sec-
tion, power constrained at the �1� level of the sensitivity
band [28]. The final limit is within 10% of the uncon-
strained limit for all WIMP masses. For the WIMP en-
ergy spectrum we assume a standard isothermal WIMP
halo with v0 = 220 km/s, ⇢DM = 0.3 GeV/cm3, vesc =
544 km/s, and the Helm form factor for the nuclear
cross section [29]. No light and charge emission is as-
sumed for WIMPs below 1 keV recoil energy. For all
WIMP masses, the background-only hypothesis provides
the best fit, with none of the nuisance parameters rep-
resenting the uncertainties discussed above deviating ap-
preciably from their nominal values. Our results improve
upon the previously strongest spin-independent WIMP
limit for masses above 10 GeV/c2. Our strongest exclu-
sion limit is for 35-GeV/c2 WIMPs, at 7.7 ⇥ 10�47cm2.

These first results demonstrate that XENON1T has
the lowest low-energy background level ever achieved by
a dark matter experiment. The sensitivity of XENON1T
is the best to date above 20 GeV/c2, up to twice the
LUX sensitivity above 100 GeV/c2, and continues to im-
prove with more data. The experiment resumed opera-
tion shortly after the January 18, 2017 earthquake and
continues to record data.

We gratefully acknowledge support from the National
Science Foundation, Swiss National Science Foundation,
German Ministry for Education and Research, Max
Planck Gesellschaft, Deutsche Forschungsgemeinschaft,
Netherlands Organisation for Scientific Research (NWO),
NLeSC, Weizmann Institute of Science, I-CORE, Pazy-
Vatat, Initial Training Network Invisibles (Marie Curie
Actions, PITNGA-2011-289442), Fundacao para a Cien-
cia e a Tecnologia, Region des Pays de la Loire, Knut and
Alice Wallenberg Foundation, Kavli Foundation, and Is-
tituto Nazionale di Fisica Nucleare. Data processing is

Current status (June 2017):arXiv:1705.06655
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level (black) for this run of XENON1T. In green and yellow
are the 1- and 2� sensitivity bands. Results from LUX [26]
(red), PandaX-II [27] (brown), and XENON100 [23] (gray)
are shown for reference.

events would appear at unusually low cS2b due to charge
losses near the wall. The inward reconstruction is due to
limited position reconstruction resolution, especially lim-
ited for small S2s, near the 5 (out of 36) top edge PMTs
that are unavailable in this analysis.

Sixth and last, we add a small uniform background in
the (cS1, log cS2b) space for ER events with an anoma-
lous cS2b. Such anomalous leakage beyond accidental
coincidences has been observed in XENON100 [23], and
a few such events are seen in the 220Rn calibration data
(Fig. 2a). If these were not 220Rn-induced events, their
rate would scale with exposure and we would see nu-
merous such events in the WIMP search data. We do
not observe this, and therefore assume their rate is pro-
portional to the ER rate, at (0.08+0.11

�0.06) events based on
the outliers observed in the 220Rn calibration data. The
physical origin of these events is under investigation.

The WIMP search data in a predefined signal box was
blinded (99% of ERs were accessible) until the event se-
lection and the fiducial mass boundaries were finalized.
We performed a staged unblinding, starting with an ex-
posure of 4 live days distributed evenly throughout the
search period. This did not result in changes in the event
selection.

A total of 63 events in the 34.2-day dark matter
search data pass the selection criteria and are within the
cS12 [3, 70] PE, cS2b 2 [50, 8000] PE search region used
in the likelihood analysis (Fig. 2c). None are within
10 ms of a muon veto trigger. The data is compatible
with the ER energy spectrum in [9] and implies an ER
rate of (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee),
compatible with our prediction of (2.3 ± 0.2) ⇥ 10�4

events/(kg⇥ day⇥ keVee) [9] updated with the Kr con-
centration measured in the current science run. This is

the lowest ER background ever achieved in a dark matter
experiment. A single event far from the bulk distribution
was observed at cS1 = 68.0 PE in the initial 4-day un-
blinding stage. This appears to be a bona fide event,
though its location in (cS1, cS2b) (see Fig. 2c) is extreme
for all our physical background models and WIMP signal
models. One event at cS1 = 26.7 PE is at the �2.4� ER
quantile.

For the statistical interpretation of the results, we
use an extended unbinned profile likelihood test statis-
tic in (cS1, cS2b) with the asymptotic distribution for-
mula from [24]. The signal and background models were
evaluated in (cS1, log cS2b) bins. We propagate the un-
certainties on the most significant shape parameters (two
for NR, two for ER) inferred from the posteriors of the
calibration fits to the likelihood. The uncertainties on the
rate of each background component mentioned above are
also included. Finally, we employ the procedure from [25]
to account for mismodeling of the ER background.

The data is consistent with the background-only hy-
pothesis. Fig. 4 shows the 90% confidence level upper
limit on the spin-independent WIMP-nucleon cross sec-
tion, power constrained at the �1� level of the sensitivity
band [28]. The final limit is within 10% of the uncon-
strained limit for all WIMP masses. For the WIMP en-
ergy spectrum we assume a standard isothermal WIMP
halo with v0 = 220 km/s, ⇢DM = 0.3 GeV/cm3, vesc =
544 km/s, and the Helm form factor for the nuclear
cross section [29]. No light and charge emission is as-
sumed for WIMPs below 1 keV recoil energy. For all
WIMP masses, the background-only hypothesis provides
the best fit, with none of the nuisance parameters rep-
resenting the uncertainties discussed above deviating ap-
preciably from their nominal values. Our results improve
upon the previously strongest spin-independent WIMP
limit for masses above 10 GeV/c2. Our strongest exclu-
sion limit is for 35-GeV/c2 WIMPs, at 7.7 ⇥ 10�47cm2.

These first results demonstrate that XENON1T has
the lowest low-energy background level ever achieved by
a dark matter experiment. The sensitivity of XENON1T
is the best to date above 20 GeV/c2, up to twice the
LUX sensitivity above 100 GeV/c2, and continues to im-
prove with more data. The experiment resumed opera-
tion shortly after the January 18, 2017 earthquake and
continues to record data.

We gratefully acknowledge support from the National
Science Foundation, Swiss National Science Foundation,
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Planck Gesellschaft, Deutsche Forschungsgemeinschaft,
Netherlands Organisation for Scientific Research (NWO),
NLeSC, Weizmann Institute of Science, I-CORE, Pazy-
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Figure 15. XENON1T sensitivity (90% C.L.) to spin-independent WIMP-nucleon interaction: the
solid blue line represents the median value, while the 1� and 2� sensitivity bands are indicated
in green and yellow respectively. The dotted blue line, visible at low WIMP masses, shows the
XENON1T sensitivity assuming Le↵ = 0 below 3 keV. The XENONnT median sensitivity is shown
with the dashed blue line. The discovery contour of DAMA-LIBRA [85] and CDMS-Si [86] are shown,
together with the exclusion limits of other experiments: XENON10 [87], SuperCDMS [88], PandaX
[89], DarkSide-50 [90], XENON100 [14], LUX [16]. For comparison, with the dashed brown line we
plot also the "neutrino discovery limit" from [56].

natKr. With these assumptions, the main backgrounds come from ERs and NRs induced by
solar neutrinos 4.

The expected number of signal and background events for a total exposure of 20 t·y are
summarized in table 5. The sensitivity is presented in figure 15: XENONnT will achieve a
minimum spin-independent WIMP-nucleon cross section of 1.6 ·10�48 cm2 at m

�

=50 GeV/c2,
with an improvement of an order of magnitude with respect to XENON1T. The results are
very similar to those expected for the LZ experiment [91].

8 Summary and Conclusions

We performed a detailed Monte Carlo simulation of the XENON1T experiment with a
GEANT4 model. Considering the contaminations of the detector construction materials,
measured through a screening campaign performed with Ge and mass spectrometry tech-
niques, and the contaminants intrinsic to the LXe, we estimated both the ER and NR back-
grounds.

Selecting single scatter events in the (1, 12) keV range, assuming a 1 t FV, the ER
background rate is summarized in table 2. The most relevant contribution, about 85% of
the total ER background, comes from 222Rn, while the one from the materials is of the same

4 Another potential line of improvement is in the ER/NR discrimination, see e.g. [55]. However, in this
study we conservatively assume the same discrimination considered for XENON1T.

– 25 –

G.Arkadi et al arXiv:1703.07364
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FIG. 4: The spin-independent WIMP-nucleon cross sec-
tion limits as a function of WIMP mass at 90% confidence
level (black) for this run of XENON1T. In green and yellow
are the 1- and 2� sensitivity bands. Results from LUX [26]
(red), PandaX-II [27] (brown), and XENON100 [23] (gray)
are shown for reference.

events would appear at unusually low cS2b due to charge
losses near the wall. The inward reconstruction is due to
limited position reconstruction resolution, especially lim-
ited for small S2s, near the 5 (out of 36) top edge PMTs
that are unavailable in this analysis.

Sixth and last, we add a small uniform background in
the (cS1, log cS2b) space for ER events with an anoma-
lous cS2b. Such anomalous leakage beyond accidental
coincidences has been observed in XENON100 [23], and
a few such events are seen in the 220Rn calibration data
(Fig. 2a). If these were not 220Rn-induced events, their
rate would scale with exposure and we would see nu-
merous such events in the WIMP search data. We do
not observe this, and therefore assume their rate is pro-
portional to the ER rate, at (0.08+0.11

�0.06) events based on
the outliers observed in the 220Rn calibration data. The
physical origin of these events is under investigation.

The WIMP search data in a predefined signal box was
blinded (99% of ERs were accessible) until the event se-
lection and the fiducial mass boundaries were finalized.
We performed a staged unblinding, starting with an ex-
posure of 4 live days distributed evenly throughout the
search period. This did not result in changes in the event
selection.

A total of 63 events in the 34.2-day dark matter
search data pass the selection criteria and are within the
cS12 [3, 70] PE, cS2b 2 [50, 8000] PE search region used
in the likelihood analysis (Fig. 2c). None are within
10 ms of a muon veto trigger. The data is compatible
with the ER energy spectrum in [9] and implies an ER
rate of (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee),
compatible with our prediction of (2.3 ± 0.2) ⇥ 10�4

events/(kg⇥ day⇥ keVee) [9] updated with the Kr con-
centration measured in the current science run. This is

the lowest ER background ever achieved in a dark matter
experiment. A single event far from the bulk distribution
was observed at cS1 = 68.0 PE in the initial 4-day un-
blinding stage. This appears to be a bona fide event,
though its location in (cS1, cS2b) (see Fig. 2c) is extreme
for all our physical background models and WIMP signal
models. One event at cS1 = 26.7 PE is at the �2.4� ER
quantile.

For the statistical interpretation of the results, we
use an extended unbinned profile likelihood test statis-
tic in (cS1, cS2b) with the asymptotic distribution for-
mula from [24]. The signal and background models were
evaluated in (cS1, log cS2b) bins. We propagate the un-
certainties on the most significant shape parameters (two
for NR, two for ER) inferred from the posteriors of the
calibration fits to the likelihood. The uncertainties on the
rate of each background component mentioned above are
also included. Finally, we employ the procedure from [25]
to account for mismodeling of the ER background.

The data is consistent with the background-only hy-
pothesis. Fig. 4 shows the 90% confidence level upper
limit on the spin-independent WIMP-nucleon cross sec-
tion, power constrained at the �1� level of the sensitivity
band [28]. The final limit is within 10% of the uncon-
strained limit for all WIMP masses. For the WIMP en-
ergy spectrum we assume a standard isothermal WIMP
halo with v0 = 220 km/s, ⇢DM = 0.3 GeV/cm3, vesc =
544 km/s, and the Helm form factor for the nuclear
cross section [29]. No light and charge emission is as-
sumed for WIMPs below 1 keV recoil energy. For all
WIMP masses, the background-only hypothesis provides
the best fit, with none of the nuisance parameters rep-
resenting the uncertainties discussed above deviating ap-
preciably from their nominal values. Our results improve
upon the previously strongest spin-independent WIMP
limit for masses above 10 GeV/c2. Our strongest exclu-
sion limit is for 35-GeV/c2 WIMPs, at 7.7 ⇥ 10�47cm2.

These first results demonstrate that XENON1T has
the lowest low-energy background level ever achieved by
a dark matter experiment. The sensitivity of XENON1T
is the best to date above 20 GeV/c2, up to twice the
LUX sensitivity above 100 GeV/c2, and continues to im-
prove with more data. The experiment resumed opera-
tion shortly after the January 18, 2017 earthquake and
continues to record data.
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Planck Gesellschaft, Deutsche Forschungsgemeinschaft,
Netherlands Organisation for Scientific Research (NWO),
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XENON1T sensitivity assuming Le↵ = 0 below 3 keV. The XENONnT median sensitivity is shown
with the dashed blue line. The discovery contour of DAMA-LIBRA [85] and CDMS-Si [86] are shown,
together with the exclusion limits of other experiments: XENON10 [87], SuperCDMS [88], PandaX
[89], DarkSide-50 [90], XENON100 [14], LUX [16]. For comparison, with the dashed brown line we
plot also the "neutrino discovery limit" from [56].

natKr. With these assumptions, the main backgrounds come from ERs and NRs induced by
solar neutrinos 4.

The expected number of signal and background events for a total exposure of 20 t·y are
summarized in table 5. The sensitivity is presented in figure 15: XENONnT will achieve a
minimum spin-independent WIMP-nucleon cross section of 1.6 ·10�48 cm2 at m

�

=50 GeV/c2,
with an improvement of an order of magnitude with respect to XENON1T. The results are
very similar to those expected for the LZ experiment [91].

8 Summary and Conclusions

We performed a detailed Monte Carlo simulation of the XENON1T experiment with a
GEANT4 model. Considering the contaminations of the detector construction materials,
measured through a screening campaign performed with Ge and mass spectrometry tech-
niques, and the contaminants intrinsic to the LXe, we estimated both the ER and NR back-
grounds.

Selecting single scatter events in the (1, 12) keV range, assuming a 1 t FV, the ER
background rate is summarized in table 2. The most relevant contribution, about 85% of
the total ER background, comes from 222Rn, while the one from the materials is of the same

4 Another potential line of improvement is in the ER/NR discrimination, see e.g. [55]. However, in this
study we conservatively assume the same discrimination considered for XENON1T.
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Figure 4: All 3 LUX analyses, 2014, 2015, and
2016, with 2 different data sets (2014 and 2015, vs.
2016, the current result). ZEPLIN-III final from 2011
is included [33], as well as example SUSY models
[34]. Different shades of orange at bottom indicate
different degrees of interference from the neutrino
background from the sun and other sources. The main
goal of LZ is < 3 ⇥ 10�48cm2 at 40 GeV. Between
CDR (Conceptual Design Report, pink dashed) and
new baseline for TDR (Technical Design Report) the
3 keV cut was dropped (black); best case ’goal’ added
(pink solid). The baseline involves the conservative
meeting of the minimum requirements [29].

unique triple veto system, composed of a PMT-instrumented (S1 only) Xe skin primarily serving as
active gamma shielding, a Gd-loaded liquid scintillator for neutron tagging, and a Cerenkov muon
veto for cosmic rays. Inclusion of these vetos increases the fiducial mass estimate from an original
⇠3 tonnes: Xe used previously only for self-shielding of backgrounds is now “recovered.” These
vetos also increase confidence for discovery. The conservative baseline requirements of LZ include
a 6 keVnr threshold, with at least 99.5% discrimination (LUX and ZEPLIN have both already
demonstrated better for each). Many Higgs-mediated models will be probed by LZ, including a
favored 1 TeV Higgsino [35].

In summary, world-leading results, from LUX’s 332 and 95 live-day searches for dark matter
have cut significantly deeper into previously un-probed parameter space. The latest, final run has
an exposure of 33,500 kg-days, the most of any 2-phase Xe TPC to date. PandaX is close, with
a much larger mass but less live-time [36], so it will likely exceed this exposure soon, followed
by the even larger XENON1T [28]. More publications will be forthcoming soon, including the
combination of the results from the two runs into one, combined LUX exclusion plot [7]. Again
at SURF, LZ will deploy a multi-ton-scale detector as one of only 3 (2 for WIMPs, 1 for axions)
down-selected G2 experiments, and come within 1 order of magnitude of the coherent scattering
neutrino floor at high mass, “clipping” the neutrino “shoulder” at low [37]. For a 40 GeV WIMP
just outside the constraints of the current limits, it is anticipated to see 3s evidence. LZ should
have the best detector with hope for a WIMP discovery soon.
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The dark matter coupling with quarks has been searched for .

The both SI and SD couplings with nuclei is highly constrained in underground experiments.

If Dark Matter is fermion,  
                 the expected coupling with SM particles in UV theory might be yukawa couplings

→ another parity odd new particle (messenger particle) is required.

If Dark Matter has couplings only with EW particles, collider bound can be weaken.

LHC is searching for heavy messenger particle with missing energy in the decay and getting sever 
constraints.

→  The possibility that Dark Matter is EW charged particle is highly constrained.
(Inelastic nature for DM direct detection may save some of scenarios.)
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FIG. 19. Combined constraints for a complex scalar DM � coupled with the right-chiral up-type quarks

through a Dirac fermionic t-channel mediator  u. The results are in the bi-dimensional plane (m u ,m�)

and the coupling � u has been set to 1. The red colored curve corresponds to the contour of correct DM

relic density. The blue colored region is excluded by the current constraints from LUX while the magenta

colored region will be excluded in the absence of signals from XENON1T after two years of exposure.

The gray colored region corresponds to m� > m u for which the DM would not be cosmologically stable.

FIG. 20. The same as fig. (19) but for the case of a Dirac (left panel) or Majorana (right panel) fermion

DM and scalar t-channel mediator ⌃u.

XII. SUMMARY AND DISCUSSION

We have discussed impact of current, and possible future, direct detection limits,

possibly complemented by ones from collider searches, in several simplified realizations

G.Arcadi et al, arXiv:1703.07364

63

XI. T-CHANNEL PORTALS

We finally consider, in this section, the case in which the DM has not pair coupling but

it is instead coupled with one mediator state and a SM quarks. Keeping the assumption

that the DM is a SM singlet the simplest option is to consider the coupling with right-

handed quarks through a color triplet (with suitable assignation of the hypercharge)

mediator.

We will then consider the cases of a complex scalar DM �, coupled with a Dirac

fermionic mediator  q, and a fermionic (Dirac or Majorana) DM  coupled with a

scalar field ⌃q according the following Lagrangians 21:

L = �
 q q�qR + h.c. or L = �

⌃q ⌃qqR + h.c., q = u or d. (89)

Under the assumption of the introduction of one mediator field, the DM can be

coupled only either to up-type or down-type quark 22. Since there are not substantial

di↵erences we will focus just on the first possibility.

Given the coupling (89), cosmological stability of DM is achieved only if m <

m
⌃u(m� < m

 u) and if both the DM and the mediator are charged under some new

quantum number so that couplings of the mediator with only SM states are forbid-

den 23. In order to avoid possible occurrence of flavor violation e↵ects, with conse-

quent strong constraints on the coupling �
 µ(�⌃µ) we assume that the mediator carries

also a flavor quantum number (a “flavored DM” [260] would be equally feasible), i.e.,

⌃u ⌘ (�u,�c,�t)( u ⌘ ( u, c, t)), and that the interactions (89) are flavor conserving.

This is achieved by assuming the component of the mediator fields to be degenerate in

21 Given the non-trivial gauge charges the t-channel mediators will be coupled with the gluon, the photon

and the Z-boson. We will omit for simplicity of explicitly writing these interactions. In the case of the

scalar mediator a 4-field coupling with the Higgs doublet can arise at tree-level, being renormalizable.

We will assume that the corresponding coupling is negligible.
22 In eq. (89) the labels u and d refer globally to up- and down-type quarks. The couplings and the

masses of the mediator fields carry also a generation index which is not explicitly reported (see main

text for further clarification)
23 By relaxing this hypothesis it is possible to have a viable decaying DM candidate model with charac-

teristic phenomenology [257–259]. In this case very low values of the couplings should be assumed.

Direct dark matter searches for t-channel messenger scenario

singlet DM and t-channel mediator

Ignoring quark yukawa, Majorana DM escape severe SI bound at 
tree level  

But the large part for DM coupling with quarks is excluded.

Leptophilic nature of Dark Matter might be plausible.



Neutrino mass: another hint for new scale beyond SM

Neutrino mass appears in dim 5 operator in SM which is the lowest higher dim operator.

The UV completion is one of the most important subject in particle physics.

The degree of freedom of dim 5 operator is :

Three masses and the following mixing matrix

If majorana mass term describes observed neutrino masses,

14. Neutrino mixing 5

14.2. The three neutrino mixing

All existing compelling data on neutrino oscillations can be described assuming
3-flavour neutrino mixing in vacuum. This is the minimal neutrino mixing scheme
which can account for the currently available data on the oscillations of the solar (νe),
atmospheric (νµ and ν̄µ), reactor (ν̄e) and accelerator (νµ and ν̄µ) neutrinos. The
(left-handed) fields of the flavour neutrinos νe, νµ and ντ in the expression for the weak
charged lepton current in the CC weak interaction Lagrangian, are linear combinations of
the LH components of the fields of three massive neutrinos νj :

LCC = −
g√
2

∑

l=e,µ,τ

lL(x) γα νlL(x) Wα†(x) + h.c. ,

νlL(x) =
3

∑

j=1

Ulj νjL(x), (14.5)

where U is the 3 × 3 unitary neutrino mixing matrix [4,5]. As we have discussed in the
preceding Section, the mixing matrix U can be parameterized by 3 angles, and, depending
on whether the massive neutrinos νj are Dirac or Majorana particles, by 1 or 3 CP
violation phases [48,49]:

U =

⎡

⎣

c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13

⎤

⎦

× diag(1, ei
α21
2 , ei

α31
2 ) . (14.6)

where cij = cos θij , sij = sin θij , the angles θij = [0, π/2], δ = [0, 2π] is the Dirac CP
violation phase and α21, α31 are two Majorana CP violation (CPV) phases. Thus, in the
case of massive Dirac neutrinos, the neutrino mixing matrix U is similar, in what concerns
the number of mixing angles and CPV phases, to the CKM quark mixing matrix. The
presence of two additional physical CPV phases in U if νj are Majorana particles is a
consequence of the special properties of the latter (see, e.g., Refs. [46,48]) .

As we see, the fundamental parameters characterizing the 3-neutrino mixing are: i)
the 3 angles θ12, θ23, θ13, ii) depending on the nature of massive neutrinos νj - 1 Dirac
(δ), or 1 Dirac + 2 Majorana (δ, α21, α31), CPV phases, and iii) the 3 neutrino masses,
m1, m2, m3. Thus, depending on whether the massive neutrinos are Dirac or Majorana
particles, this makes 7 or 9 additional parameters in the minimally extended Standard
Model of particle interactions with massive neutrinos.

The angles θ12, θ23 and θ13 can be defined via the elements of the neutrino mixing
matrix:

c212 ≡ cos2 θ12 =
|Ue1|2

1 − |Ue3|2
, s2

12 ≡ sin2 θ12 =
|Ue2|2

1 − |Ue3|2
, (14.7)

s2
13 ≡ sin2 θ13 = |Ue3|2, s2

23 ≡ sin2 θ23 =
|Uµ3|2

1 − |Ue3|2
,

c223 ≡ cos2 θ23 =
|Uτ3|2

1 − |Ue3|2
. (14.8)

October 6, 2016 11:02

If lepton number is approximate good symmetry in low energy, 
                                                   the effects due to higher operators could be plausible.

The Leading contribution due to UV theory?



Neutrino:  from long-baseline experiments 

All mixing angles within 3 neutrino scheme has been determined

up to the ambiguities of CP and mass ordering.

Near future experiments has the sensitivity to CP phases.

T2K Moriond2017

The structure of mixing angles:
               The origin of two large mixings, 
               The possible deviation from maximal mixing
               The origin of leptonic CP phase 
      Further hint for the detail of underlying UV theory



Neutrino mass from SeeSaw: three types for new scale physics beyond SM

Tiny neutrino mass: the implication to new physics scale 

" stable nu_R may realize the desired thermal abundance as present dark matter.

Three possible scenarios in SeeSaw formula

m⇥ = y2⇥
v2�
MR

y�L̄�⇥R +MR⇥cR⇥R + h.c

�New = MR

y⌫ ⇠ O(1)

2.y⌫ ⌧ 1 MR < O(TeV)

3.v⌘ ⌧ mEW TeV scale �R and y� ⇠ O(1)

1.MR ⇠ Mpl � mEW

ylL̄HeR + h.c

?

� = H

� = H

leptophilic new SU(2)L doublet bosons required!

2014年12月5日金曜日

The new physics scale in the third possibility may coincide with the scale required in DM thermal relic.

The most  famous UV completion for neutrino mass is to include 



: R parity violating SSM

The breaking field for SU(2)L and lepton number might be sneutrino. 

Once sneutrinos get their vev, R-parity is broken and we lose the candidate of  “stable” dark matter.
On the other hand, gravitino has lifetime longer than age of the universe → dark matter candidate.

→Dark matter decays open up another possibility on indirect DM detection in sky.

Tiny neutrino mass: the implication to new physics scale 

" stable nu_R may realize the desired thermal abundance as present dark matter.

Three possible scenarios in SeeSaw formula

m⇥ = y2⇥
v2�
MR

y�L̄�⇥R +MR⇥cR⇥R + h.c

�New = MR

y⌫ ⇠ O(1)

2.y⌫ ⌧ 1 MR < O(TeV)

3.v⌘ ⌧ mEW TeV scale �R and y� ⇠ O(1)

1.MR ⇠ Mpl � mEW

ylL̄HeR + h.c

?

� = H

� = H

leptophilic new SU(2)L doublet bosons required!

2014年12月5日金曜日

M.Yamaguchi, F.Takayama(2000) W.Buchmuller, L.Covi, K.Hamaguchi, A.Ibarra, T.Yanagida(2006)

e.g  in MSSM ,A.Ibarra, D.Tran(2006),K.Ishiwata, S.Matsumoto,T.Moroi(2006),L.Covi,M.Grefe,A.Ibarra,D.Tran(2008)
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Figure 6: Predicted gamma-ray flux for m3/2 = 100 GeV and τ3/2 = 1 × 1027 s. We show
both the background obtained by Sreekumar et al. as well as the background obtained by
Strong, Moskalenko and Reimer.

For comparison with the data points, we have averaged the slightly anistropic halo sig-
nal over the whole sky, excluding a band of ±10◦ around the Galactic disk.3 We have
conservatively used an energy resolution σ(E)/E = 15% as quoted by Fermi [52].

It is remarkable that for both choices of the extragalactic background, the antiproton
constraint allows for a sizable deviation from a power law background if the gravitino mass
is above 200 GeV. Therefore, if such a deviation with the proper angular dependence is
observed by Fermi LAT, the scenario of gravitino dark matter will gain support. Further-
more, the existence of a gamma-ray line at the end of the spectrum is predicted, with
an intensity that, as discussed in Section 2, depends on the model of R-parity breaking.
This line could be observed by Fermi LAT in the diffuse gamma-ray background, but also
by the ground-based Cherenkov telescopes MAGIC, HESS or VERITAS in galaxies such
as M31 [13]. For smaller gravitino masses the gamma-ray line becomes more prominent
whereas the contribution to the continuous part of the spectrum decreases. This is illus-
trated in Figure 6 for m3/2 = 100 GeV.

The observation of the discussed features in the diffuse gamma-ray spectrum might, if
interpreted as the result of gravitino decay, open the exciting possibility of constraining
the reheating temperature of the Universe. More concretely, the thermal relic abundance

3 The halo signal would have a larger degree of anisotropy if the dark matter halo is not completely
uniform but presents substructures, as suggested by N-body simulations of Milky-Way-size galaxies. In
the present calculation we are interested in the average flux in the whole sky excluding the Galactic disk,
which depends on the total amount of dark matter in this region and not on the way it is distributed.
Therefore, for our purposes it is a good approximation to neglect substructures and to assume a smooth
dark matter halo profile.

17

Bilinear terms of sneutrino-higgs are induced and develop sneutrino vev in EW symmetry breaking.

Neutralino(e.g Bino)

SM EW weak gauge couplings

Tiny EW symmetry breaking VEV:  scenario I

We could avoid NLSP late decay after BBN era

in μν

W.Buchmuller,A.Ibarra,T.Shindou,D.Tran,F.Takayama(2010)

We lose coincidence of scales for DM/neutrino But busy breaking connect it again.

L.Hall, M.Suzuki(1984)



In general, TeV new physics faces flavor problem.

Underlying flavor symmetry may play some role in the problem.

Flavor symmetry breaking may leave a remnant symmetry.
                                                               

If the flavor symmetry breaking is tiny, 
                                          low energy physics can be almost flavor symmetric.

→  After integration of heavy new particles, 
          the couplings of the given higher dim operators in SM are controlled by the symmetry.

If the tiny breaking related to EW symmetry breaking VEV,
                                            we could learn the observed symmetry breaking effects in neutrino masses.

 The flavor symmetry symmetric LFV operators in SM may be constrained by experiments.



TeV scale right handed neutrinos

Very small Flavor symmetry breaking

VEV of flavored SU(2)L doublets could be the origin of both neutrino masses and Flavor symmetry breaking

Small VEV ( and residual symmetry Z2)

Tiny neutrino mass: the implication to new physics scale 

" stable nu_R may realize the desired thermal abundance as present dark matter.

Three possible scenarios in SeeSaw formula
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3.v⌘ ⌧ mEW TeV scale �R and y� ⇠ O(1)

1.MR ⇠ Mpl � mEW

ylL̄HeR + h.c
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leptophilic new SU(2)L doublet bosons required!
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,
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Remember the thermal scenario for DM relic. Only the third possibility could realize it.

Tiny EW symmetry breaking VEV: scenario II Flavored dark matter
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Neutrino mass is the only place that  flavor symmetry breaking effects are leading part.
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TeV scale νR DM ←→ Flavor symmetry symmetric LFV

Remember the thermal scenario for DM relic. Only the third possibility could realize it.

Tiny EW symmetry breaking VEV: scenario II Flavored dark matter



A discrete dark matter model based on A4 with nu_R DM

J
H
E
P
1
0
(
2
0
1
4
)
1
8
3

dark matter candidate. Multiplication rule is as below,

1′ ⊗ 1′ = 1′′, 1′′ ⊗ 1′′ = 1′, 1′ ⊗ 1′′ = 1,

3⊗ 3 = 31 ⊕ 32 ⊕ 1⊕ 1′ ⊕ 1′′. (A.3)

For example, when a = (a1, a2, a3) and b = (b1, b2, b3) are two A4 triplets, the ways to

compose 1,1′,1′′ and 3 representation from them are

(ab)1 = a1b1 + a2b2 + a3b3,

(ab)1′ = a1b1 + ωa2b2 + ω2a3b3,

(ab)1′′ = a1b1 + ω2a2b2 + ωa3b3,

(ab)31
=

⎛

⎜

⎝

a2b3
a3b1
a1b2

⎞

⎟

⎠
, (ab)32

=

⎛

⎜

⎝

a3b2
a1b3
a2b1

⎞

⎟

⎠
. (A.4)

B Scalar boson potential and the physical spectrum

General form of CP and A4 invariant potential terms of scalar bosons are given by,

V (h, η) = m2
ηη

†η +m2
hh

†h

+λ1(h
†h)2 + λ2[η

†η]21 + λ3[η
†η]1′ [η

†η]1′′

+λ4([η
†η†]1′ [ηη]1′′ + [η†η†]1′′ [ηη]1′) + λ5[η

†η†]1[ηη]1

+λ6([η
†η]31 [η

†η]31 + [η†η]32 [η
†η]32) + λ7[η

†η]31 [η
†η]32 + λ8[η

†η†]31 [ηη]31

+λ9[η
†η]1(h

†h) + λ10[η
†h]3[h

†η]3 + λ11([η
†η†]1hh+ h†h†[ηη]1)

+λ12([η
†η†]31 [ηh]3 + [h†η†]3[ηη]32) + λ13([η

†η†]32 [ηh]3 + [h†η†]3[ηη]31)

+λ14([η
†η]31 [η

†h]3 + [h†η]3[η
†η]32) + λ15([η

†η]32 [η
†h]3 + [h†η]3[η

†η]31).

(B.1)

To explain observed tiny neutrino masses in our scenario, we have to demand smallness for

m2
hη1

and λ11. The quantum corrections due to ∆η = 1 interactions, λ12, λ13, λ14 and λ15

generate λ11 at one loop, so these conpligs also have to be suppressed < m2
hη1

/m2
η. This

may exhibit an approximate global U(1)η symmetry in the scalar potential. Notice that

λ11 also violates U(1)η by ∆η = 2 but the quantum corrections by itself never generate
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Vsoft = −m2
hη1η

†
1h+ h.c., (B.2)
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η2 and η3 recovers if we ignore the soft term m2
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. The (η2, η3) permutation is not a
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Table 1. Ingredients of the model and charge assignments to them.

2.1 Model

In this model, the A4 group, which is the symmetry group of the tetrahedron, is adopted

as the lepton flavor symmetry group. A brief description of the A4 group is given in

appendix A. A4 has four irreducible representations, that is, three singlets(1,1′,1′′) and

one triplet(3). Ingredients of the discrete dark matter model are assigned to symmetry

group representations according to table 1.

Lα(α = e, µ, τ) represent SU(2)L doublets composed of a left-handed charged lepton

and a left-handed neutrino. eR, µR, τR are right-handed charged leptons. h is the Higgs

boson. Adding to these SM particles, right-handed neutrinos νiR(i = 1, 2, 3), N4 and SU(2)L
doublet scalars ηj(j = 1, 2, 3) are introduced. Each of νiR and ηj are put together into A4

triplets.

Each term in the Lagrangian must be constructed to be A4 invariant. See appendix

A to check how to multiply non trivial A4 representations together into the trivial singlet.

The terms responsible for mass matrices of charged leptons and neutrinos are given by,

LYukawa = yeLeeRh+ yµLµµRh+ yτLττRh

+yeνLe(νRη̃)1 + yµνLµ(νRη̃)1′′ + yτνLτ (νRη̃)1′ (2.1)

+Y4LeN4h̃+MNνcRνR +M4N c
4N4 + h.c..

The potential of scalar bosons is given in appendix B. One comment has to be addressed

here. In this paper, we introduce the following A4 soft breaking bilinear term,

−m2
hη1η

†
1h+ h.c., (2.2)

which was not considered in the original paper [15, 16]. We will explain the motivation

in section 4. We assume m2
η > 0 and m2

hη1
/m2

η ≪ 1 in most of discussions below. Under

this assumption m2
η > 0 and the existence of the soft term eq. (2.2), η can acquire their

non-zero vacuum expectation values(VEVs) when electroweak(EW) symmetry is violated,

while light or massless scalar modes do not arise because the degrees of freedom of EW

vacuum degeneracy of scalar bosons coincide with the degrees of freedom of longitudinal

modes of massive electroweak gauge bosons.

2.2 Neutrino mass matrices at tree level

When scalar bosons of this model gets VEVs such that

⟨h0⟩ = vh ̸= 0, ⟨η01⟩ = vη ̸= 0, ⟨η02,3⟩ = 0, (2.3)
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To explain observed tiny neutrino masses in our scenario, we have to demand smallness for

m2
hη1

and λ11. The quantum corrections due to ∆η = 1 interactions, λ12, λ13, λ14 and λ15

generate λ11 at one loop, so these conpligs also have to be suppressed < m2
hη1

/m2
η. This

may exhibit an approximate global U(1)η symmetry in the scalar potential. Notice that

λ11 also violates U(1)η by ∆η = 2 but the quantum corrections by itself never generate

∆η = 1 interactions.

As we mentioned in section 2, we add the following A4 explicit breaking term,

Vsoft = −m2
hη1η

†
1h+ h.c., (B.2)

which explicitly breaks U(1)η by ∆η = 1.

We notice that in this scalar potential, an exact invariance for an odd permutation

between η2 and η3 exists. The full invariance for all three odd permutations among η1,

η2 and η3 recovers if we ignore the soft term m2
hη1

. The (η2, η3) permutation is not a

symmetry inside A4 symmetry but an accidental symmetry in our model when we impose
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non-zero vacuum expectation values(VEVs) when electroweak(EW) symmetry is violated,

while light or massless scalar modes do not arise because the degrees of freedom of EW
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B Scalar boson potential and the physical spectrum

General form of CP and A4 invariant potential terms of scalar bosons are given by,
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To explain observed tiny neutrino masses in our scenario, we have to demand smallness for

m2
hη1

and λ11. The quantum corrections due to ∆η = 1 interactions, λ12, λ13, λ14 and λ15

generate λ11 at one loop, so these conpligs also have to be suppressed < m2
hη1

/m2
η. This

may exhibit an approximate global U(1)η symmetry in the scalar potential. Notice that

λ11 also violates U(1)η by ∆η = 2 but the quantum corrections by itself never generate

∆η = 1 interactions.

As we mentioned in section 2, we add the following A4 explicit breaking term,

Vsoft = −m2
hη1η

†
1h+ h.c., (B.2)

which explicitly breaks U(1)η by ∆η = 1.

We notice that in this scalar potential, an exact invariance for an odd permutation

between η2 and η3 exists. The full invariance for all three odd permutations among η1,

η2 and η3 recovers if we ignore the soft term m2
hη1

. The (η2, η3) permutation is not a

symmetry inside A4 symmetry but an accidental symmetry in our model when we impose
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here. In this paper, we introduce the following A4 soft breaking bilinear term,
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†
1h+ h.c., (2.2)
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dark matter candidate. Multiplication rule is as below,

1′ ⊗ 1′ = 1′′, 1′′ ⊗ 1′′ = 1′, 1′ ⊗ 1′′ = 1,

3⊗ 3 = 31 ⊕ 32 ⊕ 1⊕ 1′ ⊕ 1′′. (A.3)

For example, when a = (a1, a2, a3) and b = (b1, b2, b3) are two A4 triplets, the ways to

compose 1,1′,1′′ and 3 representation from them are

(ab)1 = a1b1 + a2b2 + a3b3,

(ab)1′ = a1b1 + ωa2b2 + ω2a3b3,

(ab)1′′ = a1b1 + ω2a2b2 + ωa3b3,

(ab)31
=

⎛

⎜

⎝

a2b3
a3b1
a1b2

⎞

⎟

⎠
, (ab)32

=

⎛

⎜

⎝

a3b2
a1b3
a2b1

⎞

⎟

⎠
. (A.4)

B Scalar boson potential and the physical spectrum

General form of CP and A4 invariant potential terms of scalar bosons are given by,

V (h, η) = m2
ηη

†η +m2
hh

†h

+λ1(h
†h)2 + λ2[η

†η]21 + λ3[η
†η]1′ [η

†η]1′′

+λ4([η
†η†]1′ [ηη]1′′ + [η†η†]1′′ [ηη]1′) + λ5[η

†η†]1[ηη]1

+λ6([η
†η]31 [η

†η]31 + [η†η]32 [η
†η]32) + λ7[η

†η]31 [η
†η]32 + λ8[η

†η†]31 [ηη]31

+λ9[η
†η]1(h

†h) + λ10[η
†h]3[h

†η]3 + λ11([η
†η†]1hh+ h†h†[ηη]1)

+λ12([η
†η†]31 [ηh]3 + [h†η†]3[ηη]32) + λ13([η

†η†]32 [ηh]3 + [h†η†]3[ηη]31)

+λ14([η
†η]31 [η

†h]3 + [h†η]3[η
†η]32) + λ15([η

†η]32 [η
†h]3 + [h†η]3[η

†η]31).

(B.1)

To explain observed tiny neutrino masses in our scenario, we have to demand smallness for

m2
hη1

and λ11. The quantum corrections due to ∆η = 1 interactions, λ12, λ13, λ14 and λ15

generate λ11 at one loop, so these conpligs also have to be suppressed < m2
hη1

/m2
η. This

may exhibit an approximate global U(1)η symmetry in the scalar potential. Notice that

λ11 also violates U(1)η by ∆η = 2 but the quantum corrections by itself never generate

∆η = 1 interactions.

As we mentioned in section 2, we add the following A4 explicit breaking term,

Vsoft = −m2
hη1η

†
1h+ h.c., (B.2)

which explicitly breaks U(1)η by ∆η = 1.

We notice that in this scalar potential, an exact invariance for an odd permutation

between η2 and η3 exists. The full invariance for all three odd permutations among η1,

η2 and η3 recovers if we ignore the soft term m2
hη1

. The (η2, η3) permutation is not a

symmetry inside A4 symmetry but an accidental symmetry in our model when we impose
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Along with this line, let’s consider the following model.

Lepton flavor symmetry=Non-Abelian discrete symmetry

A Flavoerd DM Concrete Model

Scalar DM: M.Hirch et al (2011)

Right handed neutrino DM: F.Takayama et al (2014)

                                                       Z3 symmetry in charged lepton sector

A4→Z2: odd states(νR2, νR3) can be dark matter.

 Δη=1 terms are set to zero except for bilinear soft term.
Δη=2 breaking term M4 >>MN, tiny λ11 is assumed. 



Neutrino masses/PMNS mixing matrix
In this model,  the degree of freedom in neutrino mass matrix is 5 (+relative signs). 

Experiments have fixed 5 observables in neutrino mass matrix(+1(CP)+mee).
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mechanism by Ni (i = 4, 5, 6) exchanges or radiative corrections. A4 symmetric nature

reflects into the structure of mass matrix and the non-zero elements are,

(msym)11 = [C
sym
rad yeνy

e
ν + Y4Y4

MN

MN4

]
v2h
MN

, (3.5)

(msym)23 = (msym)32 = [C
sym
rad yµν y

τ
ν + Y5Y6

MN

MN5

]
v2h
MN

, (3.6)

where C
sym
rad = loop factor × λ

sym
∆η=2, and λ

sym
∆η=2 ∼ λ11. N4(1) seesaw contributes to the

11 entry of the A4 symmetric parts and N5(1′),N6(1′′) seesaw contributes to the 23 and

32 entries. The radiative corrections may contribute to all of 11 and 23, 32 entries. In

general, msym, mbreak could be independent of each other. As one can see from (3.6),

the contribution to neutrino mass matrix of N5,6 and the A4 symmetric parts of radiative

correction enter the same mass matrix elements. Then, if scalar potential is CP invariant,

we see that the same form of the neutrino mass matix is obtained in both the original

discrete dark matter model including radiative corrections without N5,6 and the model

with N5,6 neglecting radiative corrections. On the other hand, if scalar potential contains

CP phases, in general, radiative corrections can introduce more freedom than the case that

N5,6 are added and only tree level contributions are considered.5

As we explain the detail in appendix D, for the case that the scalar potentail has the

invariance for (η2,η3) odd permutation which may be naturally realized e.g in the case of

CP invariant scalar potential, we find the following general form of neutrino mass matrix

in this model,6

mν =

⎛

⎜

⎝

a2 +XA ab ac

ab b2 bc+XB

ac bc+XB c2

⎞

⎟

⎠
. (3.7)

We will further investigate the phenomenological consequences below. We have five com-

plex free parameters in the neutrino mass matrix. On the other hand, taking phase redefi-

nition of Li (i = e, µ, τ), for example, we can remove the phases of a, b, c and they can be

taken as real numbers. Thus we have three real (a, b, c) and two complex (XA, XB) phys-

ical parameters. Then in such a basis, XA and XB can be regarded as two sources of CP

phases which can not be removed by the field phase redefinition of Li. If the all elements of

(mν) are real, the phase redefinition arguments in this model require that (mν)22/(mν)33,

((mν)11 −XA)/(mν)22 are real positive numbers.

Notice that this model predicts one relation among the elements of the neutrino mass

matrices,

(mν)212
(mν)22

=
(mν)213
(mν)33

. (3.8)

5For example, the tree level contributions due to N5,6 can not change the form of mbreak given in

eq. (3.4) but radiative corrections in the general case of CP violating scalar potential may modify the form.

See the detail in appendix D.
6This form of the neutrino mass matrix is identical to the one considered in [24]
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Figure 9. We show the plot for δs23 vs m1 for the various cases when we take different Majorana
phase (0 or π) for m2 and m3. We assumed s12 > 0 and s13 > 0 and we fixed δm2

12, δm
2
13, s

2
12 and

s213 to the best fit values in table 2. When we flip the sign of s13, s12, the sign of δs23 flips as sign
of s12s13. As for the change of sign of s23, the sign of δs23 is unchanged.

Figure 10. We show the constraints on m1 imposed by KamLAND-Zen and EXO-200 results for
neutrinoless double beta decay.
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This model can explain current observed neutrino data

If scalar potential is CP invariant, we find a prediction as a result of the 
invariance under an odd permutation of set of fields.

This invariance is accidental ,the permutation is not wihtin A4. 
2014年12月5日金曜日

Physical degree of freedom of neutrino mass matrix=3(masses)+3(mixings)+1(CP)+2(Majorana Phase)

Parameter 3σ range best fit value
∆m2

21 (10−5eV2) 6.99− 8.18 7.54
|∆m2| (10−3eV2) 2.19− 2.62(2.17− 2.61) 2.43(2.42)

sin2 θ12 0.259− 0.359 0.307
sin2 θ23 0.331− 0.637(0.335− 0.663) 0.386(0.392)
sin2 θ13 0.0169− 0.0313(0.0171− 0.0315) 0.0241(0.0244)

Table 1: The 3σ allowed ranges [19]. The values are in the case with m1 < m2 < m3.
The values in bracket correspond to m3 < m1 < m2. ∆m2 = m2

3−(m2
1+m2

2)/2 is defined.

and the negative sign is preferred by the global fit of experimental data[19]. Increasing
the value of δm13/m1 up to ∼ 1 , δs23 increases up to ∼ 0.15 and it reaches outside of
the 3σ allowed region of δs23 > 0.12. For δm13 > m1, the approximation of Eq.(3.14) is
not always valid and we numerically checked that for m1 < 0.04eV, δs23 reaches outside
of allowed region of experimental data in the case. This is again numerically confirmed
in Fig.6.

To see the above statements, we show the scatter plots for both IH (Fig. 7) and NH
(Fig. 8) cases where all mixing parameters except for s23 are varied within the 3σ range
given in Table 1. For both NH and IH, non zero θ13 excludes the possibility of s223 = 1/2,
and the tight correlation of the smallness of δs23 and δm12 exists. This is a robust
prediction of this model. The deviation from s23 obtain 0.01 < |δs23| ! 0.1 for |δm13| ! m1

and increasing δm13/m1, |δs23| increases and it reaches outside of experimentally allowed
range when we take m1 ! 0.03eV .

Until now, we considered only the case that all Majorana phases and Dirac CP phase
are trivial. Taking account for the effect of Majorana phases, for example, we can change
the sign of m2 and m3, that is, taking φ1 = 0, π, φ2 = 0, π. In this case, the approximated
form Eq.(3.14) is not always valid, especially for m2 < 0 cases. We use Eq.(C.18) to
determine s23 satisfying condition Eq.(3.8) without any approximation, and estimate δs23
for several combinations of the sign of m2, m3. We show the results in Fig. 9. Also, in
Appendix C, we notice δs23 ∝ s12s13. As the result, for the change of the sign of s12, s13,
the flip of the sign of s12s13 causes the flip of the sign for δs23. If we include Dirac CP
phase δ for real m1, m2, m3, sin δ = 0 is one of the solution, which obtain e−iδ = ±1. The
effect is identical to the effect of the sign flip of s13.

From Fig.10, we find that the solutions for IH and NH cases are allowed by the current
neutrinoless double beta decay experiments [24], and we may expect the observation or
the exclusion of the large parts in future. In this degenerate mass spectrum, as we see
in Fig.11, m1 " 0.07eV(NH), 0.08eV(IH) faces a milder tension with the results of recent
Planck CMB observation by seriously taking the BAO data, but it may be still allowed
in general if we do not combine the Planck data with the BAO data [25]. Also variations
of Nνeff from the SM value may obtain milder constraints on

!

mν [25]. However, too
large m1 > 1eV has been already excluded by both the neutrinoless double beta decay
experiments and the cosmological observations.

11

We take CP inv mulit-higgs potential here, 
but we could introduce CP phase in this model.
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mechanism by Ni (i = 4, 5, 6) exchanges or radiative corrections. A4 symmetric nature

reflects into the structure of mass matrix and the non-zero elements are,

(msym)11 = [C
sym
rad yeνy

e
ν + Y4Y4

MN

MN4

]
v2h
MN

, (3.5)

(msym)23 = (msym)32 = [C
sym
rad yµν y

τ
ν + Y5Y6

MN

MN5

]
v2h
MN

, (3.6)

where C
sym
rad = loop factor × λ

sym
∆η=2, and λ

sym
∆η=2 ∼ λ11. N4(1) seesaw contributes to the

11 entry of the A4 symmetric parts and N5(1′),N6(1′′) seesaw contributes to the 23 and

32 entries. The radiative corrections may contribute to all of 11 and 23, 32 entries. In

general, msym, mbreak could be independent of each other. As one can see from (3.6),

the contribution to neutrino mass matrix of N5,6 and the A4 symmetric parts of radiative

correction enter the same mass matrix elements. Then, if scalar potential is CP invariant,

we see that the same form of the neutrino mass matix is obtained in both the original

discrete dark matter model including radiative corrections without N5,6 and the model

with N5,6 neglecting radiative corrections. On the other hand, if scalar potential contains

CP phases, in general, radiative corrections can introduce more freedom than the case that

N5,6 are added and only tree level contributions are considered.5

As we explain the detail in appendix D, for the case that the scalar potentail has the

invariance for (η2,η3) odd permutation which may be naturally realized e.g in the case of

CP invariant scalar potential, we find the following general form of neutrino mass matrix

in this model,6

mν =

⎛

⎜

⎝

a2 +XA ab ac

ab b2 bc+XB

ac bc+XB c2

⎞

⎟

⎠
. (3.7)

We will further investigate the phenomenological consequences below. We have five com-

plex free parameters in the neutrino mass matrix. On the other hand, taking phase redefi-

nition of Li (i = e, µ, τ), for example, we can remove the phases of a, b, c and they can be

taken as real numbers. Thus we have three real (a, b, c) and two complex (XA, XB) phys-

ical parameters. Then in such a basis, XA and XB can be regarded as two sources of CP

phases which can not be removed by the field phase redefinition of Li. If the all elements of

(mν) are real, the phase redefinition arguments in this model require that (mν)22/(mν)33,

((mν)11 −XA)/(mν)22 are real positive numbers.

Notice that this model predicts one relation among the elements of the neutrino mass

matrices,

(mν)212
(mν)22

=
(mν)213
(mν)33

. (3.8)

5For example, the tree level contributions due to N5,6 can not change the form of mbreak given in

eq. (3.4) but radiative corrections in the general case of CP violating scalar potential may modify the form.

See the detail in appendix D.
6This form of the neutrino mass matrix is identical to the one considered in [24]
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Notice that this model predicts one relation among the elements of the neutrino mass

matrices,

(mν)212
(mν)22

=
(mν)213
(mν)33

. (3.8)

5For example, the tree level contributions due to N5,6 can not change the form of mbreak given in

eq. (3.4) but radiative corrections in the general case of CP violating scalar potential may modify the form.

See the detail in appendix D.
6This form of the neutrino mass matrix is identical to the one considered in [24]
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Figure 9. We show the plot for δs23 vs m1 for the various cases when we take different Majorana
phase (0 or π) for m2 and m3. We assumed s12 > 0 and s13 > 0 and we fixed δm2

12, δm
2
13, s

2
12 and

s213 to the best fit values in table 2. When we flip the sign of s13, s12, the sign of δs23 flips as sign
of s12s13. As for the change of sign of s23, the sign of δs23 is unchanged.

Figure 10. We show the constraints on m1 imposed by KamLAND-Zen and EXO-200 results for
neutrinoless double beta decay.
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This model can explain current observed neutrino data

If scalar potential is CP invariant, we find a prediction as a result of the 
invariance under an odd permutation of set of fields.

This invariance is accidental ,the permutation is not wihtin A4. 
2014年12月5日金曜日

Physical degree of freedom of neutrino mass matrix=3(masses)+3(mixings)+1(CP)+2(Majorana Phase)

Parameter 3σ range best fit value
∆m2

21 (10−5eV2) 6.99− 8.18 7.54
|∆m2| (10−3eV2) 2.19− 2.62(2.17− 2.61) 2.43(2.42)

sin2 θ12 0.259− 0.359 0.307
sin2 θ23 0.331− 0.637(0.335− 0.663) 0.386(0.392)
sin2 θ13 0.0169− 0.0313(0.0171− 0.0315) 0.0241(0.0244)

Table 1: The 3σ allowed ranges [19]. The values are in the case with m1 < m2 < m3.
The values in bracket correspond to m3 < m1 < m2. ∆m2 = m2

3−(m2
1+m2

2)/2 is defined.

and the negative sign is preferred by the global fit of experimental data[19]. Increasing
the value of δm13/m1 up to ∼ 1 , δs23 increases up to ∼ 0.15 and it reaches outside of
the 3σ allowed region of δs23 > 0.12. For δm13 > m1, the approximation of Eq.(3.14) is
not always valid and we numerically checked that for m1 < 0.04eV, δs23 reaches outside
of allowed region of experimental data in the case. This is again numerically confirmed
in Fig.6.

To see the above statements, we show the scatter plots for both IH (Fig. 7) and NH
(Fig. 8) cases where all mixing parameters except for s23 are varied within the 3σ range
given in Table 1. For both NH and IH, non zero θ13 excludes the possibility of s223 = 1/2,
and the tight correlation of the smallness of δs23 and δm12 exists. This is a robust
prediction of this model. The deviation from s23 obtain 0.01 < |δs23| ! 0.1 for |δm13| ! m1

and increasing δm13/m1, |δs23| increases and it reaches outside of experimentally allowed
range when we take m1 ! 0.03eV .

Until now, we considered only the case that all Majorana phases and Dirac CP phase
are trivial. Taking account for the effect of Majorana phases, for example, we can change
the sign of m2 and m3, that is, taking φ1 = 0, π, φ2 = 0, π. In this case, the approximated
form Eq.(3.14) is not always valid, especially for m2 < 0 cases. We use Eq.(C.18) to
determine s23 satisfying condition Eq.(3.8) without any approximation, and estimate δs23
for several combinations of the sign of m2, m3. We show the results in Fig. 9. Also, in
Appendix C, we notice δs23 ∝ s12s13. As the result, for the change of the sign of s12, s13,
the flip of the sign of s12s13 causes the flip of the sign for δs23. If we include Dirac CP
phase δ for real m1, m2, m3, sin δ = 0 is one of the solution, which obtain e−iδ = ±1. The
effect is identical to the effect of the sign flip of s13.

From Fig.10, we find that the solutions for IH and NH cases are allowed by the current
neutrinoless double beta decay experiments [24], and we may expect the observation or
the exclusion of the large parts in future. In this degenerate mass spectrum, as we see
in Fig.11, m1 " 0.07eV(NH), 0.08eV(IH) faces a milder tension with the results of recent
Planck CMB observation by seriously taking the BAO data, but it may be still allowed
in general if we do not combine the Planck data with the BAO data [25]. Also variations
of Nνeff from the SM value may obtain milder constraints on

!

mν [25]. However, too
large m1 > 1eV has been already excluded by both the neutrinoless double beta decay
experiments and the cosmological observations.
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We take CP inv mulit-higgs potential here, 
but we could introduce CP phase in this model.



Neutrino masses/PMNS mixing matrix
In this model,  the degree of freedom in neutrino mass matrix is 5 (+relative signs). 

Experiments have fixed 5 observables in neutrino mass matrix(+1(CP)+mee).
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mechanism by Ni (i = 4, 5, 6) exchanges or radiative corrections. A4 symmetric nature

reflects into the structure of mass matrix and the non-zero elements are,

(msym)11 = [C
sym
rad yeνy

e
ν + Y4Y4

MN

MN4

]
v2h
MN

, (3.5)

(msym)23 = (msym)32 = [C
sym
rad yµν y

τ
ν + Y5Y6

MN

MN5

]
v2h
MN

, (3.6)

where C
sym
rad = loop factor × λ

sym
∆η=2, and λ

sym
∆η=2 ∼ λ11. N4(1) seesaw contributes to the

11 entry of the A4 symmetric parts and N5(1′),N6(1′′) seesaw contributes to the 23 and

32 entries. The radiative corrections may contribute to all of 11 and 23, 32 entries. In

general, msym, mbreak could be independent of each other. As one can see from (3.6),

the contribution to neutrino mass matrix of N5,6 and the A4 symmetric parts of radiative

correction enter the same mass matrix elements. Then, if scalar potential is CP invariant,

we see that the same form of the neutrino mass matix is obtained in both the original

discrete dark matter model including radiative corrections without N5,6 and the model

with N5,6 neglecting radiative corrections. On the other hand, if scalar potential contains

CP phases, in general, radiative corrections can introduce more freedom than the case that

N5,6 are added and only tree level contributions are considered.5

As we explain the detail in appendix D, for the case that the scalar potentail has the

invariance for (η2,η3) odd permutation which may be naturally realized e.g in the case of

CP invariant scalar potential, we find the following general form of neutrino mass matrix

in this model,6

mν =

⎛

⎜

⎝

a2 +XA ab ac

ab b2 bc+XB

ac bc+XB c2

⎞

⎟

⎠
. (3.7)

We will further investigate the phenomenological consequences below. We have five com-

plex free parameters in the neutrino mass matrix. On the other hand, taking phase redefi-

nition of Li (i = e, µ, τ), for example, we can remove the phases of a, b, c and they can be

taken as real numbers. Thus we have three real (a, b, c) and two complex (XA, XB) phys-

ical parameters. Then in such a basis, XA and XB can be regarded as two sources of CP

phases which can not be removed by the field phase redefinition of Li. If the all elements of

(mν) are real, the phase redefinition arguments in this model require that (mν)22/(mν)33,

((mν)11 −XA)/(mν)22 are real positive numbers.

Notice that this model predicts one relation among the elements of the neutrino mass

matrices,

(mν)212
(mν)22

=
(mν)213
(mν)33

. (3.8)

5For example, the tree level contributions due to N5,6 can not change the form of mbreak given in

eq. (3.4) but radiative corrections in the general case of CP violating scalar potential may modify the form.

See the detail in appendix D.
6This form of the neutrino mass matrix is identical to the one considered in [24]

– 7 –

J
H
E
P
1
0
(
2
0
1
4
)
1
8
3

mechanism by Ni (i = 4, 5, 6) exchanges or radiative corrections. A4 symmetric nature

reflects into the structure of mass matrix and the non-zero elements are,

(msym)11 = [C
sym
rad yeνy

e
ν + Y4Y4

MN

MN4

]
v2h
MN

, (3.5)

(msym)23 = (msym)32 = [C
sym
rad yµν y

τ
ν + Y5Y6

MN

MN5

]
v2h
MN

, (3.6)

where C
sym
rad = loop factor × λ

sym
∆η=2, and λ

sym
∆η=2 ∼ λ11. N4(1) seesaw contributes to the

11 entry of the A4 symmetric parts and N5(1′),N6(1′′) seesaw contributes to the 23 and

32 entries. The radiative corrections may contribute to all of 11 and 23, 32 entries. In

general, msym, mbreak could be independent of each other. As one can see from (3.6),

the contribution to neutrino mass matrix of N5,6 and the A4 symmetric parts of radiative

correction enter the same mass matrix elements. Then, if scalar potential is CP invariant,

we see that the same form of the neutrino mass matix is obtained in both the original

discrete dark matter model including radiative corrections without N5,6 and the model

with N5,6 neglecting radiative corrections. On the other hand, if scalar potential contains

CP phases, in general, radiative corrections can introduce more freedom than the case that

N5,6 are added and only tree level contributions are considered.5

As we explain the detail in appendix D, for the case that the scalar potentail has the

invariance for (η2,η3) odd permutation which may be naturally realized e.g in the case of

CP invariant scalar potential, we find the following general form of neutrino mass matrix

in this model,6

mν =

⎛

⎜

⎝

a2 +XA ab ac

ab b2 bc+XB

ac bc+XB c2

⎞

⎟

⎠
. (3.7)

We will further investigate the phenomenological consequences below. We have five com-

plex free parameters in the neutrino mass matrix. On the other hand, taking phase redefi-

nition of Li (i = e, µ, τ), for example, we can remove the phases of a, b, c and they can be

taken as real numbers. Thus we have three real (a, b, c) and two complex (XA, XB) phys-

ical parameters. Then in such a basis, XA and XB can be regarded as two sources of CP

phases which can not be removed by the field phase redefinition of Li. If the all elements of

(mν) are real, the phase redefinition arguments in this model require that (mν)22/(mν)33,

((mν)11 −XA)/(mν)22 are real positive numbers.

Notice that this model predicts one relation among the elements of the neutrino mass

matrices,

(mν)212
(mν)22

=
(mν)213
(mν)33

. (3.8)

5For example, the tree level contributions due to N5,6 can not change the form of mbreak given in

eq. (3.4) but radiative corrections in the general case of CP violating scalar potential may modify the form.

See the detail in appendix D.
6This form of the neutrino mass matrix is identical to the one considered in [24]

– 7 –

J
H
E
P
1
0
(
2
0
1
4
)
1
8
3

Figure 9. We show the plot for δs23 vs m1 for the various cases when we take different Majorana
phase (0 or π) for m2 and m3. We assumed s12 > 0 and s13 > 0 and we fixed δm2

12, δm
2
13, s

2
12 and

s213 to the best fit values in table 2. When we flip the sign of s13, s12, the sign of δs23 flips as sign
of s12s13. As for the change of sign of s23, the sign of δs23 is unchanged.

Figure 10. We show the constraints on m1 imposed by KamLAND-Zen and EXO-200 results for
neutrinoless double beta decay.
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If scalar potential is CP invariant, we find a prediction as a result of the 
invariance under an odd permutation of set of fields.

This invariance is accidental ,the permutation is not wihtin A4. 
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Parameter 3σ range best fit value
∆m2

21 (10−5eV2) 6.99− 8.18 7.54
|∆m2| (10−3eV2) 2.19− 2.62(2.17− 2.61) 2.43(2.42)

sin2 θ12 0.259− 0.359 0.307
sin2 θ23 0.331− 0.637(0.335− 0.663) 0.386(0.392)
sin2 θ13 0.0169− 0.0313(0.0171− 0.0315) 0.0241(0.0244)

Table 1: The 3σ allowed ranges [19]. The values are in the case with m1 < m2 < m3.
The values in bracket correspond to m3 < m1 < m2. ∆m2 = m2

3−(m2
1+m2

2)/2 is defined.

and the negative sign is preferred by the global fit of experimental data[19]. Increasing
the value of δm13/m1 up to ∼ 1 , δs23 increases up to ∼ 0.15 and it reaches outside of
the 3σ allowed region of δs23 > 0.12. For δm13 > m1, the approximation of Eq.(3.14) is
not always valid and we numerically checked that for m1 < 0.04eV, δs23 reaches outside
of allowed region of experimental data in the case. This is again numerically confirmed
in Fig.6.

To see the above statements, we show the scatter plots for both IH (Fig. 7) and NH
(Fig. 8) cases where all mixing parameters except for s23 are varied within the 3σ range
given in Table 1. For both NH and IH, non zero θ13 excludes the possibility of s223 = 1/2,
and the tight correlation of the smallness of δs23 and δm12 exists. This is a robust
prediction of this model. The deviation from s23 obtain 0.01 < |δs23| ! 0.1 for |δm13| ! m1

and increasing δm13/m1, |δs23| increases and it reaches outside of experimentally allowed
range when we take m1 ! 0.03eV .

Until now, we considered only the case that all Majorana phases and Dirac CP phase
are trivial. Taking account for the effect of Majorana phases, for example, we can change
the sign of m2 and m3, that is, taking φ1 = 0, π, φ2 = 0, π. In this case, the approximated
form Eq.(3.14) is not always valid, especially for m2 < 0 cases. We use Eq.(C.18) to
determine s23 satisfying condition Eq.(3.8) without any approximation, and estimate δs23
for several combinations of the sign of m2, m3. We show the results in Fig. 9. Also, in
Appendix C, we notice δs23 ∝ s12s13. As the result, for the change of the sign of s12, s13,
the flip of the sign of s12s13 causes the flip of the sign for δs23. If we include Dirac CP
phase δ for real m1, m2, m3, sin δ = 0 is one of the solution, which obtain e−iδ = ±1. The
effect is identical to the effect of the sign flip of s13.

From Fig.10, we find that the solutions for IH and NH cases are allowed by the current
neutrinoless double beta decay experiments [24], and we may expect the observation or
the exclusion of the large parts in future. In this degenerate mass spectrum, as we see
in Fig.11, m1 " 0.07eV(NH), 0.08eV(IH) faces a milder tension with the results of recent
Planck CMB observation by seriously taking the BAO data, but it may be still allowed
in general if we do not combine the Planck data with the BAO data [25]. Also variations
of Nνeff from the SM value may obtain milder constraints on

!

mν [25]. However, too
large m1 > 1eV has been already excluded by both the neutrinoless double beta decay
experiments and the cosmological observations.
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Figure 9: We show the plot for δs23 vs m1 for the various cases when we take different
Majorana phase (0 or π) for m2 and m3. We assumed s12 > 0 and s13 > 0 and we fixed
δm2

12, δm
2
13, s

2
12 and s213 to the best fit values in Table 1. When we flip the sign of s13, s12,

the sign of δs23 flips as sign of s12s13. As for the change of sign of s23, the sign of δs23 is
unchanged.
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Figure 10: We show the constraints on m1 imposed by KamLAND-Zen and EXO-200
results for neutrinoless double beta decay.
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mechanism by Ni (i = 4, 5, 6) exchanges or radiative corrections. A4 symmetric nature

reflects into the structure of mass matrix and the non-zero elements are,

(msym)11 = [C
sym
rad yeνy

e
ν + Y4Y4

MN

MN4

]
v2h
MN

, (3.5)

(msym)23 = (msym)32 = [C
sym
rad yµν y

τ
ν + Y5Y6

MN

MN5

]
v2h
MN

, (3.6)

where C
sym
rad = loop factor × λ

sym
∆η=2, and λ

sym
∆η=2 ∼ λ11. N4(1) seesaw contributes to the

11 entry of the A4 symmetric parts and N5(1′),N6(1′′) seesaw contributes to the 23 and

32 entries. The radiative corrections may contribute to all of 11 and 23, 32 entries. In

general, msym, mbreak could be independent of each other. As one can see from (3.6),

the contribution to neutrino mass matrix of N5,6 and the A4 symmetric parts of radiative

correction enter the same mass matrix elements. Then, if scalar potential is CP invariant,

we see that the same form of the neutrino mass matix is obtained in both the original

discrete dark matter model including radiative corrections without N5,6 and the model

with N5,6 neglecting radiative corrections. On the other hand, if scalar potential contains

CP phases, in general, radiative corrections can introduce more freedom than the case that

N5,6 are added and only tree level contributions are considered.5

As we explain the detail in appendix D, for the case that the scalar potentail has the

invariance for (η2,η3) odd permutation which may be naturally realized e.g in the case of

CP invariant scalar potential, we find the following general form of neutrino mass matrix

in this model,6

mν =

⎛

⎜

⎝

a2 +XA ab ac

ab b2 bc+XB

ac bc+XB c2

⎞

⎟

⎠
. (3.7)

We will further investigate the phenomenological consequences below. We have five com-

plex free parameters in the neutrino mass matrix. On the other hand, taking phase redefi-

nition of Li (i = e, µ, τ), for example, we can remove the phases of a, b, c and they can be

taken as real numbers. Thus we have three real (a, b, c) and two complex (XA, XB) phys-

ical parameters. Then in such a basis, XA and XB can be regarded as two sources of CP

phases which can not be removed by the field phase redefinition of Li. If the all elements of

(mν) are real, the phase redefinition arguments in this model require that (mν)22/(mν)33,

((mν)11 −XA)/(mν)22 are real positive numbers.

Notice that this model predicts one relation among the elements of the neutrino mass

matrices,

(mν)212
(mν)22

=
(mν)213
(mν)33

. (3.8)

5For example, the tree level contributions due to N5,6 can not change the form of mbreak given in

eq. (3.4) but radiative corrections in the general case of CP violating scalar potential may modify the form.

See the detail in appendix D.
6This form of the neutrino mass matrix is identical to the one considered in [24]
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plex free parameters in the neutrino mass matrix. On the other hand, taking phase redefi-

nition of Li (i = e, µ, τ), for example, we can remove the phases of a, b, c and they can be

taken as real numbers. Thus we have three real (a, b, c) and two complex (XA, XB) phys-

ical parameters. Then in such a basis, XA and XB can be regarded as two sources of CP

phases which can not be removed by the field phase redefinition of Li. If the all elements of

(mν) are real, the phase redefinition arguments in this model require that (mν)22/(mν)33,

((mν)11 −XA)/(mν)22 are real positive numbers.

Notice that this model predicts one relation among the elements of the neutrino mass

matrices,

(mν)212
(mν)22

=
(mν)213
(mν)33

. (3.8)

5For example, the tree level contributions due to N5,6 can not change the form of mbreak given in

eq. (3.4) but radiative corrections in the general case of CP violating scalar potential may modify the form.

See the detail in appendix D.
6This form of the neutrino mass matrix is identical to the one considered in [24]
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Figure 9. We show the plot for δs23 vs m1 for the various cases when we take different Majorana
phase (0 or π) for m2 and m3. We assumed s12 > 0 and s13 > 0 and we fixed δm2
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s213 to the best fit values in table 2. When we flip the sign of s13, s12, the sign of δs23 flips as sign
of s12s13. As for the change of sign of s23, the sign of δs23 is unchanged.

Figure 10. We show the constraints on m1 imposed by KamLAND-Zen and EXO-200 results for
neutrinoless double beta decay.
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This model can explain current observed neutrino data

If scalar potential is CP invariant, we find a prediction as a result of the 
invariance under an odd permutation of set of fields.

This invariance is accidental ,the permutation is not wihtin A4. 
2014年12月5日金曜日

Physical degree of freedom of neutrino mass matrix=3(masses)+3(mixings)+1(CP)+2(Majorana Phase)

Parameter 3σ range best fit value
∆m2

21 (10−5eV2) 6.99− 8.18 7.54
|∆m2| (10−3eV2) 2.19− 2.62(2.17− 2.61) 2.43(2.42)

sin2 θ12 0.259− 0.359 0.307
sin2 θ23 0.331− 0.637(0.335− 0.663) 0.386(0.392)
sin2 θ13 0.0169− 0.0313(0.0171− 0.0315) 0.0241(0.0244)

Table 1: The 3σ allowed ranges [19]. The values are in the case with m1 < m2 < m3.
The values in bracket correspond to m3 < m1 < m2. ∆m2 = m2

3−(m2
1+m2

2)/2 is defined.

and the negative sign is preferred by the global fit of experimental data[19]. Increasing
the value of δm13/m1 up to ∼ 1 , δs23 increases up to ∼ 0.15 and it reaches outside of
the 3σ allowed region of δs23 > 0.12. For δm13 > m1, the approximation of Eq.(3.14) is
not always valid and we numerically checked that for m1 < 0.04eV, δs23 reaches outside
of allowed region of experimental data in the case. This is again numerically confirmed
in Fig.6.

To see the above statements, we show the scatter plots for both IH (Fig. 7) and NH
(Fig. 8) cases where all mixing parameters except for s23 are varied within the 3σ range
given in Table 1. For both NH and IH, non zero θ13 excludes the possibility of s223 = 1/2,
and the tight correlation of the smallness of δs23 and δm12 exists. This is a robust
prediction of this model. The deviation from s23 obtain 0.01 < |δs23| ! 0.1 for |δm13| ! m1

and increasing δm13/m1, |δs23| increases and it reaches outside of experimentally allowed
range when we take m1 ! 0.03eV .

Until now, we considered only the case that all Majorana phases and Dirac CP phase
are trivial. Taking account for the effect of Majorana phases, for example, we can change
the sign of m2 and m3, that is, taking φ1 = 0, π, φ2 = 0, π. In this case, the approximated
form Eq.(3.14) is not always valid, especially for m2 < 0 cases. We use Eq.(C.18) to
determine s23 satisfying condition Eq.(3.8) without any approximation, and estimate δs23
for several combinations of the sign of m2, m3. We show the results in Fig. 9. Also, in
Appendix C, we notice δs23 ∝ s12s13. As the result, for the change of the sign of s12, s13,
the flip of the sign of s12s13 causes the flip of the sign for δs23. If we include Dirac CP
phase δ for real m1, m2, m3, sin δ = 0 is one of the solution, which obtain e−iδ = ±1. The
effect is identical to the effect of the sign flip of s13.

From Fig.10, we find that the solutions for IH and NH cases are allowed by the current
neutrinoless double beta decay experiments [24], and we may expect the observation or
the exclusion of the large parts in future. In this degenerate mass spectrum, as we see
in Fig.11, m1 " 0.07eV(NH), 0.08eV(IH) faces a milder tension with the results of recent
Planck CMB observation by seriously taking the BAO data, but it may be still allowed
in general if we do not combine the Planck data with the BAO data [25]. Also variations
of Nνeff from the SM value may obtain milder constraints on

!

mν [25]. However, too
large m1 > 1eV has been already excluded by both the neutrinoless double beta decay
experiments and the cosmological observations.
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We take CP inv mulit-higgs potential here, 
but we could introduce CP phase in this model.
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Neutrino mass
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Wagner
Calvez

Several other new/upgraded experiments 
on similar timescales



Thermal freeze out and νR Dark Matter relic abundance 

If dilution happen after the freeze out, e.g by entropy production, 
                                                   the preferred mass range could be shifted to νR heavier mass.

where δmN is the mass difference between ν2
R and ν3

R and τU ∼ 13.8Gyears. It may
be difficult to detect this line spectrum in CMB at present [26]. This model realizes
multi-state dark matter ν2

R and ν3
R at present time.

The main annihilation process of νi
Rs happens through the process shown in Fig.13

and the P-wave dominates for the thermal relic estimation. The leading term of the
annihilation cross section for a single species ν2

R (or ν3
R) is,

σannvrel ≃
y2ν
16π

1

m2
N

1 + (mη/mN )4

(1 + (mη/mN)2)4
v2rel,

∼ 2.4pb

!

v2rel
0.3

"

#

y2ν
1.0

$2#
350GeV

mN

$2
!

(1 + ( mη

mN
)4)/(1 + ( mη

mN
)2)4

1/8

"

,(4.9)

where y2ν =
%

i=e,µ,τ (y
i
ν)

2, vrel is the relative velocity of incident two dark matter particles.
The contributions from higher terms O(v2nref) (n ≥ 2) give less than 10 percents of the
leading contribution in the relic abundance estimation. In the thermal relic estimation,
we deal with the two states of νi

R as stable. In Fig.14, we show the preferred values
of η, νR masses and neutrino Yukawa coupling to obtain full amount of observed dark
matter relic density [25]. 12 Now we understand that in this model, WIMP type dark
matter scenario can be achieved by TeV-scale νR and η, sub MeV vη and O(1) neutrino
Yukawa couplings. Here we did not include co-annihilation processes like ηi + νi

R → l∗ →
l + a gauge boson(W,Z, γ). Such processes are relevant only if the masses of νi

R highly
degenerate with those of ηi.

The collider signals for parity-odd η bosons are similar to R-parity conserving minimal
supersymmetric standard model(MSSM) with bino dark matter except for the production
rate. This model has only the pure electroweak productions at the LHC. The direct EW
production of left-handed sleptons producing multi-lepton final state receives the LHC
constraints as m ! 300GeV at ATLAS [27] and m ! 300GeV at CMS [28] depending on
the mass splitting of the lightest supersymmetric particle and slepton. These constraints
include the Drell-Yan production. 13 We find enough allowed parameter spaces to realize
thermal freeze out scenario to obtain desired relic density. As for parity-even η1, since
vη is very small and the di-boson decay mode is suppressed, the primary decay is similar
to the case of parity-odd η bosons though, the decay products contain parity-even ν1

R

decaying to a Higgs and a light neutrino. ν1
R may be long-lived, which might leave the

displaced track in collider detectors.

12The wrong estimations in Eq(4.9) and Fig.14 in the published version of this paper [32] are corrected.
As the result, the prefered mass range for η bosons are lowered. Now the constraints from rare lepton
decays and EW precision tests may become important since this model obtains radiatively induced A4

symmetric 4-Fermi interactions through one-loop box diagrams [33]. For the case of mη ≃ mN , lepton
universality and LEP constraints currently obtain mη ! (110− 140)GeV((yiν)

2/(1/2)) (i = e or µ or τ).

Rare tau decay τ → µēe imposes mη ! 130GeV(yeν
&

yµν yτν/(1/5)) which can be weaken if one of neutrino
yukawa couplings is small, e.g in the case of yeν ≪ yµν ∼ yτν allowed by neutrino data as shown in Fig.12.

13Gauge boson fusion process also exists. The s-channel process is highly suppressed due to the small-
ness of vη. Thus, t-channel process is the dominant process, but it would be small compared with
Drell-Yan processes.
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Figure 13: The main annihilation processes for νR dark matter during the thermal freeze
out.. Since this processes contain two type of majorana fermions (νR and normal light
neutrinos), the exchange diagrams among external majorana fermions are included. The
dominant piece in NR limit is O(v2rel).
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Figure 14: The values of mη and mN that give the observed relic abundance of dark
matter in the case of νR dark matter scenario.
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The large regions are accessible at LHC.

However, the region of mass degeneracy would 
be hard to be probed at LHC.

Co-annihilation is not included.
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Figure 8. 95% CL exclusion regions in the mχ̃0

1
–mℓ̃ plane for (a) right-handed, (b) left-handed, and

(c) both right- and left-handed (mass degenerate) selectron and smuon production. Also illustrated
are the LEP limits [36] on the mass of the right-handed smuon µ̃R.

lightest chargino χ̃±
1 , next-to-lightest neutralino χ̃

0
2 and sleptons for different masses of the

lightest neutralino χ̃0
1 in simplified models. In the scenario of χ̃+

1 χ̃
−
1 pair production with

χ̃±
1 decaying into χ̃0

1 via an intermediate slepton with mass halfway between the χ̃±
1 and

χ̃0
1, χ̃

±
1 masses between 140GeV and 465GeV are excluded at 95% CL for a massless χ̃0

1.

In the scenario of χ̃+
1 χ̃

−
1 pair production with χ̃±

1 decaying into χ̃0
1 and a W boson, χ̃±

1

masses in the ranges 100–105 GeV, 120–135 GeV and 145–160 GeV are excluded at 95%

CL for a massless χ̃0
1. This is the first limit for this scenario obtained at a hadron collider.

Finally, in the scenario of χ̃±
1 χ̃

0
2 production with χ̃±

1 decaying into W χ̃0
1 and χ̃0

2 decaying

into Zχ̃0
1, common χ̃±

1 and χ̃0
2 masses between 180GeV and 355GeV are excluded at 95%

CL for a massless χ̃0
1. Combining this result with those from ref. [82] extends the exclusion

region to between 100GeV and 415GeV. In scenarios where sleptons decay directly into

χ̃0
1 and a charged lepton, common values for left and right-handed slepton masses between

90GeV and 325GeV are excluded at 95% CL for a massless χ̃0
1. Improved exclusion regions

are also obtained in the pMSSM µ–M2 plane for four sets of slepton mass, M1 and tan β
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Collider searches



Since SM higgs-new scalar sector is highly suppressed by vη, Barr-Zee two loop would get minor effects.

Experimental searches for lepton flavor violation/lepton non-universality

eR lL lL

h

< h >

−

−

0

Residual symmetry forbid LFV processes in transition magnetic moment.

The loop structure should be similar to MSSM in the decoupling of sparticles except for multi-bino
(lepton non-universal coupling) and left-handed sleptons 

arXiv:1405.3592v1



Flavor symmetric structure: The role of Z3 (of A4)  in charged lepton sector

TeV right handed neutrino scenario with small vev: 

"　Flavor symmetry control LFV!

B. Flavor symmetric processes are unsuppressed. 

Neutrino mass information can fix all neutrino yukawa which results predictions to LFV

LFV prediction in discrete dark matter model

Flavor symmetry breaking coupling ⇠ v�/vh ⇠ O(10

�6
)

A. Flavor symmetry violating processes are highly suppressed.

Flavor symmetry is a good symmetry in low energy processes.

LLFV ⇠ cijkl
�2

(Li�µLj)(Lk�
µLl)

EWPT, lepton rare decay " 

� ⇠ 3

4

1
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1

m2
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, cijkl = yi⇥y
j
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⇥

Flavor symmetry prohibit µ ! e�, µ ! e conversion due to Z3 of A4,

LLFV ⇠ cij
�

2
LiH⇥µ�(eR)jF

µ�

m⌘ > a few 100GeV⇥ (
y2⌫
1.0

)

2014年12月5日金曜日

Tests of Flavor symmetry symmetric structure in LFV processes

Neutrino interaction can also be modified but obtain weaker constraints.

Lepton non-universality/EW precision
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Tests of Flavor symmetry symmetric structure in LFV processes

Neutrino interaction can also be modified but obtain weaker constraints.

Table 13: Best published limits on lepton-flavour-violating decays [523–533].
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term which will no longer be real. With only three Majorana (Dirac) neutrinos, the 3 ⇥ 3 matrix VL

involves six (four) independent parameters: three mixing angles and three (one) phases.

The smallness of neutrino masses implies a strong suppression of neutrinoless lepton-flavour-violating
processes, which can be avoided in models with sources of lepton-flavour violation (LFV) not related
to m�i . LFV processes have the potential to probe physics at scales much higher than the TeV [413,
484–522]. The LFV scale can be constrained imposing the requirement of a viable leptogenesis. Recent
studies within di�erent new-physics scenarios find interesting correlations between µ and ⌃ LFV decays,
with µ ⇤ e� often expected to be close to the present exclusion limit.

Table 13 shows the best published limits on LFV decays of Z bosons [523–526], B mesons [527],
muons [528–530] and taus [531, 532], together with the present experimental constraints on µ ⇤ e
conversions in muonic atoms [533]. The B factories are pushing the experimental limits on neutrinoless
LFV ⌃ decays to the 10�8 level, increasing in a drastic way the sensitivity to new physics scales. A rather
competitive upper bound on ⌃ ⇤ 3µ has been also obtained at LHCb, Br(⌃� ⇤ µ�µ+µ�) < 8.0⇥ 10�8

[534], showing the potential of the high-statistics collider data in some particular decay modes. Future
experiments could improve further some limits to the 10�9 level, allowing to explore interesting and
totally unknown phenomena.

Complementary information is provided by the MEG experiment, which has recently set a very
stringent limit on LFV in muon decay, Br(µ+ ⇤ e+�) < 5.7 ⇥ 10�13 (90% CL) [528], improving
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fermionic DM

Γχ ⊗ Γℓ σ(χe → χe)/σ0
χe σ(χN → χN)/σ1

χN

S ⊗ S 1 α2
em [2-loop]

S ⊗ P O(v2) −
P ⊗ S O(r2

ev
2) α2

emv2 [2-loop]

P ⊗ P O(r2
ev

4) −
V ⊗ V 1 1 [1-loop]

V ⊗ A O(v2) −
A ⊗ V O(v2) v2 [1-loop]

A ⊗ A 3 −
T ⊗ T 12 q2

ℓ [1-loop]

AT ⊗ T O(v2) q2
ℓ v

−2 [1-loop]

scalar DM

Γℓ σ(χe → χe)/σ0
χe,5 σ(χN → χN)/σ1

χN,5

S 1 α2
em [2-loop]

P O(v2) −

TABLE I: Scattering cross section suppression by small parameters for DM–electron scattering and loop

induced DM–nucleon scattering for all possible Lorentz structures. Here, v ∼ 10−3 is the DM velocity,

re = me/mχ, and qℓ = mℓ/mN (ℓ = e, µ, τ). The reference cross sections σ0
χe, σ0

χe,5, σ1
χN , σ1

χN,5 are defined

in eqs. 13, 15, 26. The couplings cχ, cℓ, d have been set to one. The entries for χN → χN are orders of

magnitude estimates.

leading order in these expansion parameters. Up to the velocity or electron mass suppression
the typical size of the scattering cross section is

σ0
χe ≡

G2m2
e

π
=

m2
e

πΛ4
≈ 3.1 × 10−39 cm2

!

Λ

10 GeV

"−4

. (13)

For scalar DM the χe scattering cross section is induced by the dimension 5 operator,
eq. 4, giving

σ = σ0
χe,5

!

d2
S +

d2
P

2
v2

"

, (14)

with

σ0
χe,5 ≡

G2
5

4π

m2
e

m2
χ

=
1

4πΛ2

m2
e

m2
χ

= 7.7 × 10−42 cm2

!

Λ

10 GeV

"−2
# mχ

100 GeV

$−2
. (15)

Compared to fermionic DM two powers of Λ are replaced by mχ which typically is larger
than Λ. The scalar DM scattering cross section is thus further suppressed compared to the
fermionic case for given Λ. The results of eqs. 10–12 and 14 are summarized in the middle
column of Tab. I.
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Some plots/basic discussions from J.Kopp et al (2009,2014)

neutrino-DM scattering can also be large.

Neutrino line search give factor a few stronger constraint.
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We could also expect flavor conserving DM-photon couplings in higher 
dimensional operators which are expected to be induced by quantum corrections.

cCPV
�

⇥R�5⇤µ�⇥RF
µ�

At dim 5 if CP is violated,

At dim 6 if CP is well-conserved, 

This again can contribute to SI process in DM direct search.

DM coupling with photon by quantum corrections  can be relevant for DM direct search!

cCP
�2
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FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection
constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick
dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ⇥ m2

�/m
2
⇥ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic
(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region
corresponds to y2 > 4� and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM
with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g � 2 measurements (see Sec. VA), a
Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for
gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments
and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section ⇤⇥⇥p⌅ (see Eq. (17)). In (d), we summarize direct
detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare
again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the
AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.
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FIG. 4: The (a) anapole moment for Majorana DM and (b) magnetic dipole moment for Dirac DM as a function of µ = m2
�/m

2
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We show results for DM couplings to electrons, muons, and tau leptons. Note that for couplings to electrons, the divergence in
A is regularized by the momentum transfer q2 rather than me because in typical DM–nucleus scattering processes, |q2| � m2

e.
We have assumed y = 1 and m⇥ = 100 GeV.

keep only to the leading term in ⇥ ⇥
⌥

|q2|/m�, which leads to

A = � ey2

32⇤2m2
�

⇧
�10 + 12 log ⇥ � (3 + 9µ) log(µ� 1)� (3� 9µ) logµ

9(µ� 1)

⌃
, (|q2| ⌅ m2

⇥) . (11)

At very small � or ⇥, one may wonder whether a calculation at fixed order in perturbation theory is still valid. However,
in the case of interest to us, namely µ� 1 ⌅ �, the divergent logarithms in Eqs. (10) and (11) are at most of order 10
even for DM couplings to electrons.

2. Dipole moment for Dirac fermions

If ⌅ is a Dirac fermion rather than a Majorana particle, only the two diagrams on the left in Fig. 3 exist. They
generate an anapole moment A that is half as large as the one for Majorana DM, Eq. (10), and a magnetic dipole
moment dM given by

dM =
y2e

32⇤2m�

⇧
� 1 +

1

2
(�� µ) log

� �

µ

⇥
� (µ� 1)(µ� 2�)� �(3� �)⌥
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arctanh

⇤⌥
(µ� 1)2 � 2�(µ+ 1) + �2

µ� 1 + �

⌅⌃

(12)

for q2 ⇧ 0. The dipole moment will turn out to be
numerically much more important than the anapole mo-
ment in scattering processes involving Dirac DM. If m⇥ is
neglected compared to m�, i.e. � ⇧ 0, Eq. (12) simplifies

to

dM =
y2e

32⇤2m�

⇤
µ log

µ

µ� 1
� 1

⌅
. (13)

Note that, unlike the anapole moment A, the dipole mo-
ment dM is not divergent for � ⇧ 0. For µ� 1 ⇤ � ⇤ 1,
the leading term in dM is proportional to 1/

⌃
�. The
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FIG. 3: The one loop diagrams generating the e�ective dark
matter–photon coupling for Majorana DM. For Dirac DM,
the two diagrams on the right are absent.

in slepton decays are very soft. In the supersymmetric
context, a model with nearly degenerate neutralino and
slepton masses has been studied with a di�erent goal in
[80]. We will comment on this model also at the end of
Sec. VI.

III. ELECTROMAGNETIC FORM FACTORS OF
DARK MATTER AND DIRECT DETECTION

CONSTRAINTS

We now establish the connection between indirect
gamma ray signatures of DM in our toy model and di-
rect laboratory searches on Earth. Connecting the final
state fermion lines in the internal bremsstrahlung and fi-
nal state radiation diagrams from Fig. 1, we obtain an
e�ective vertex coupling the DM particle to the photon
through loops of the form shown in Fig. 3. At dimension
5 and 6, the most general form of this e�ective interaction
for a neutral fermion ⇧ is [81]

Le� ⇧
dM
2

⇧̄⌅µ⇥⇧Fµ⇥ +
dE
2

⇧̄⌅µ⇥�5⇧Fµ⇥

+A ⇧̄�µ�5⇧⌃⇥Fµ⇥ , (9)

where dM is the magnetic dipole moment, dE is the elec-
tric dipole moment, and A is the anapole moment. For
Majorana DM, only the anapole term is nonzero [54, 55],
as can be seen by using the fact that a Majorana field
is invariant under the charge conjugation operation Ĉ,
i.e. Ĉ⇧Ĉ ⇤ �i�2⇧� = ⇧. Applying this identity to the
fermion fields in Eq. (9), it is straightforward to show
that the magnetic and electric dipole terms vanish.
Note that establishing a similar connection between

DM annihilation and loop-induced electromagnetic form
factors is also possible in internal bremsstrahlung mod-
els with scalar DM and fermionic mediators, or with
Majorana DM and vector mediators [74, 82]. We have
seen above that these scenarios are phenomenologically
as interesting as our model with Majorana DM and a
scalar mediator because internal bremsstrahlung domi-
nates over DM annihilation to 2-body final states in all
of them. The connection between gamma ray lines from
DM annihilation and direct detection signals has been
made also for models with loop-induced DM annihilation
to photons in [83].

A. One Loop Contribution to the Electromagnetic
Moments

We will now compute the loop induced electromag-
netic interactions for the DM particles in our toy model
Eq. (1).

1. Anapole moment for Majorana fermions

We begin by evaluating the diagrams in Fig. 3 to obtain
the anapole form factor A in Eq. (9) for Majorana DM.
For negligible 4-momentum transfer q we find

A = � ey2

96⇤2m2
⇤

⇤
3

2
log

µ

⇥
� 1 + 3µ� 3⇥⇧

(µ� 1� ⇥)2 � 4⇥
arctanh

�⇧
(µ� 1� ⇥)2 � 4⇥

µ� 1 + ⇥

⇥⌅
, (|q2|⌃ m2

⌅) (10)

with µ = m2
�/m

2
⇤ , ⇥ = m2

⌅/m
2
⇤. Taking into account the behavior of the arctanh function when its argument

approaches 1, it is easy to see that for 1 ⌥ µ � 1 ⌥ ⇥ � 0, the anapole moment diverges logarithmically as
A ⌅ ey2/(48⇤2m2

⇤) ⇥ log(⇥)/(µ � 1). This behavior can be qualitatively understood by noting that, if m�  m⇤

and q2  0, all three propagators in the loops of Fig. 3 can be close to the mass shell simultaneously. In the limit
µ � 1 ⌃ ⇥ ⌃ 1, on the other hand, the leading term in A is proportional to 1/

⌦
⇥. Note that in this limit, the

expression in Eq. (10) requires analytic continuation of the arctanh function into the complex plane. The dependence
of A on the degeneracy parameter µ is shown in Fig. 4 (a) for y = 1 and m⇤ = 100 GeV.
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⌅ , a case that is relevant for instance in DM–nucleus scattering through loops containing electrons, the

approximation q2 � 0 underlying Eq. (10) is not applicable. In this case, it is instead convenient to set m⌅ = 0 and
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FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection
constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick
dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ⇥ m2

�/m
2
⇥ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic
(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region
corresponds to y2 > 4� and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM
with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g � 2 measurements (see Sec. VA), a
Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for
gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments
and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section ⇤⇥⇥p⌅ (see Eq. (17)). In (d), we summarize direct
detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare
again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the
AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.
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FIG. 4: The (a) anapole moment for Majorana DM and (b) magnetic dipole moment for Dirac DM as a function of µ = m2
�/m

2
⇥.

We show results for DM couplings to electrons, muons, and tau leptons. Note that for couplings to electrons, the divergence in
A is regularized by the momentum transfer q2 rather than me because in typical DM–nucleus scattering processes, |q2| � m2

e.
We have assumed y = 1 and m⇥ = 100 GeV.

keep only to the leading term in ⇥ ⇥
⌥

|q2|/m�, which leads to

A = � ey2

32⇤2m2
�

⇧
�10 + 12 log ⇥ � (3 + 9µ) log(µ� 1)� (3� 9µ) logµ

9(µ� 1)

⌃
, (|q2| ⌅ m2

⇥) . (11)

At very small � or ⇥, one may wonder whether a calculation at fixed order in perturbation theory is still valid. However,
in the case of interest to us, namely µ� 1 ⌅ �, the divergent logarithms in Eqs. (10) and (11) are at most of order 10
even for DM couplings to electrons.

2. Dipole moment for Dirac fermions

If ⌅ is a Dirac fermion rather than a Majorana particle, only the two diagrams on the left in Fig. 3 exist. They
generate an anapole moment A that is half as large as the one for Majorana DM, Eq. (10), and a magnetic dipole
moment dM given by

dM =
y2e

32⇤2m�

⇧
� 1 +

1

2
(�� µ) log

� �

µ

⇥
� (µ� 1)(µ� 2�)� �(3� �)⌥

(µ� 1)2 � 2�(µ+ 1) + �2
arctanh

⇤⌥
(µ� 1)2 � 2�(µ+ 1) + �2

µ� 1 + �

⌅⌃

(12)

for q2 ⇧ 0. The dipole moment will turn out to be
numerically much more important than the anapole mo-
ment in scattering processes involving Dirac DM. If m⇥ is
neglected compared to m�, i.e. � ⇧ 0, Eq. (12) simplifies

to

dM =
y2e

32⇤2m�

⇤
µ log

µ

µ� 1
� 1

⌅
. (13)

Note that, unlike the anapole moment A, the dipole mo-
ment dM is not divergent for � ⇧ 0. For µ� 1 ⇤ � ⇤ 1,
the leading term in dM is proportional to 1/

⌃
�. The
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FIG. 3: The one loop diagrams generating the e�ective dark
matter–photon coupling for Majorana DM. For Dirac DM,
the two diagrams on the right are absent.

in slepton decays are very soft. In the supersymmetric
context, a model with nearly degenerate neutralino and
slepton masses has been studied with a di�erent goal in
[80]. We will comment on this model also at the end of
Sec. VI.

III. ELECTROMAGNETIC FORM FACTORS OF
DARK MATTER AND DIRECT DETECTION

CONSTRAINTS

We now establish the connection between indirect
gamma ray signatures of DM in our toy model and di-
rect laboratory searches on Earth. Connecting the final
state fermion lines in the internal bremsstrahlung and fi-
nal state radiation diagrams from Fig. 1, we obtain an
e�ective vertex coupling the DM particle to the photon
through loops of the form shown in Fig. 3. At dimension
5 and 6, the most general form of this e�ective interaction
for a neutral fermion ⇧ is [81]

Le� ⇧
dM
2

⇧̄⌅µ⇥⇧Fµ⇥ +
dE
2

⇧̄⌅µ⇥�5⇧Fµ⇥

+A ⇧̄�µ�5⇧⌃⇥Fµ⇥ , (9)

where dM is the magnetic dipole moment, dE is the elec-
tric dipole moment, and A is the anapole moment. For
Majorana DM, only the anapole term is nonzero [54, 55],
as can be seen by using the fact that a Majorana field
is invariant under the charge conjugation operation Ĉ,
i.e. Ĉ⇧Ĉ ⇤ �i�2⇧� = ⇧. Applying this identity to the
fermion fields in Eq. (9), it is straightforward to show
that the magnetic and electric dipole terms vanish.
Note that establishing a similar connection between

DM annihilation and loop-induced electromagnetic form
factors is also possible in internal bremsstrahlung mod-
els with scalar DM and fermionic mediators, or with
Majorana DM and vector mediators [74, 82]. We have
seen above that these scenarios are phenomenologically
as interesting as our model with Majorana DM and a
scalar mediator because internal bremsstrahlung domi-
nates over DM annihilation to 2-body final states in all
of them. The connection between gamma ray lines from
DM annihilation and direct detection signals has been
made also for models with loop-induced DM annihilation
to photons in [83].

A. One Loop Contribution to the Electromagnetic
Moments

We will now compute the loop induced electromag-
netic interactions for the DM particles in our toy model
Eq. (1).

1. Anapole moment for Majorana fermions

We begin by evaluating the diagrams in Fig. 3 to obtain
the anapole form factor A in Eq. (9) for Majorana DM.
For negligible 4-momentum transfer q we find

A = � ey2

96⇤2m2
⇤

⇤
3

2
log

µ

⇥
� 1 + 3µ� 3⇥⇧

(µ� 1� ⇥)2 � 4⇥
arctanh

�⇧
(µ� 1� ⇥)2 � 4⇥

µ� 1 + ⇥

⇥⌅
, (|q2|⌃ m2

⌅) (10)

with µ = m2
�/m

2
⇤ , ⇥ = m2

⌅/m
2
⇤. Taking into account the behavior of the arctanh function when its argument

approaches 1, it is easy to see that for 1 ⌥ µ � 1 ⌥ ⇥ � 0, the anapole moment diverges logarithmically as
A ⌅ ey2/(48⇤2m2

⇤) ⇥ log(⇥)/(µ � 1). This behavior can be qualitatively understood by noting that, if m�  m⇤

and q2  0, all three propagators in the loops of Fig. 3 can be close to the mass shell simultaneously. In the limit
µ � 1 ⌃ ⇥ ⌃ 1, on the other hand, the leading term in A is proportional to 1/

⌦
⇥. Note that in this limit, the

expression in Eq. (10) requires analytic continuation of the arctanh function into the complex plane. The dependence
of A on the degeneracy parameter µ is shown in Fig. 4 (a) for y = 1 and m⇤ = 100 GeV.

If |q2|⌥ m2
⌅ , a case that is relevant for instance in DM–nucleus scattering through loops containing electrons, the

approximation q2 � 0 underlying Eq. (10) is not applicable. In this case, it is instead convenient to set m⌅ = 0 and
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fermionic DM

Γχ ⊗ Γℓ σ(χe → χe)/σ0
χe σ(χN → χN)/σ1

χN

S ⊗ S 1 α2
em [2-loop]

S ⊗ P O(v2) −
P ⊗ S O(r2

ev
2) α2

emv2 [2-loop]

P ⊗ P O(r2
ev

4) −
V ⊗ V 1 1 [1-loop]

V ⊗ A O(v2) −
A ⊗ V O(v2) v2 [1-loop]

A ⊗ A 3 −
T ⊗ T 12 q2

ℓ [1-loop]

AT ⊗ T O(v2) q2
ℓ v

−2 [1-loop]

scalar DM

Γℓ σ(χe → χe)/σ0
χe,5 σ(χN → χN)/σ1

χN,5

S 1 α2
em [2-loop]

P O(v2) −

TABLE I: Scattering cross section suppression by small parameters for DM–electron scattering and loop

induced DM–nucleon scattering for all possible Lorentz structures. Here, v ∼ 10−3 is the DM velocity,

re = me/mχ, and qℓ = mℓ/mN (ℓ = e, µ, τ). The reference cross sections σ0
χe, σ0

χe,5, σ1
χN , σ1

χN,5 are defined

in eqs. 13, 15, 26. The couplings cχ, cℓ, d have been set to one. The entries for χN → χN are orders of

magnitude estimates.

leading order in these expansion parameters. Up to the velocity or electron mass suppression
the typical size of the scattering cross section is

σ0
χe ≡

G2m2
e

π
=

m2
e

πΛ4
≈ 3.1 × 10−39 cm2

!

Λ

10 GeV

"−4

. (13)

For scalar DM the χe scattering cross section is induced by the dimension 5 operator,
eq. 4, giving

σ = σ0
χe,5

!

d2
S +

d2
P

2
v2

"

, (14)

with

σ0
χe,5 ≡

G2
5

4π

m2
e

m2
χ

=
1

4πΛ2

m2
e

m2
χ

= 7.7 × 10−42 cm2

!

Λ

10 GeV

"−2
# mχ

100 GeV

$−2
. (15)

Compared to fermionic DM two powers of Λ are replaced by mχ which typically is larger
than Λ. The scalar DM scattering cross section is thus further suppressed compared to the
fermionic case for given Λ. The results of eqs. 10–12 and 14 are summarized in the middle
column of Tab. I.
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Some plots/basic discussions from J.Kopp et al (2009,2014)

neutrino-DM scattering can also be large.

Neutrino line search give factor a few stronger constraint.

⇥ ⇠ 1

�

m2
e

(m2
� �m2

⇥)
2



Dark Matter direct searches

Dark Matter accumulation in Sun(SuperK/ANTARES/IceCube)
Flavored νR (leptophilic) Dark Matter signatures

Loop induced DM couplings with Weak bosons are negligible.

Majorana nature forbids flavor diagonal vector and tensor coupling with vector bosons.

⇥R�µ⇥RVµ + h.c, ⇥R⇤µ�⇥RF
µ�
(V ) + h.c ! 0

The flavor changing couplings are highly suppressed due to small flavor violation.

v�
vh

⇠ 10�6

cA
�2

(⇥R�5�µ⇥R)⇥ i(H†DµH) cA ⇠ O(1)⇥ �

16⇥2
y2�

Pseudo-vector couplings are allowed but it’s suppressed by multiple cuto� scale and loop factor.

cV
�2

[(H†⇥)3[⇤R�µ⇤R]3]1Vµ + h.c,
cT
�2

[(H†⇥)3[⇤R⌅µ�⇤R]3]1F
µ�
(V ) + h.c

⇥SIp ⇠ 10�47cm2 ⇥
✓
100GeV

m�R

◆4 ✓ �

0.1

◆2 ✓⇥annv

1pb

◆
, v2 ⇠ 3

Tf

m�R

⇠ 0.1

2014年12月5日金曜日

We could also expect flavor conserving DM-photon couplings in higher 
dimensional operators which are expected to be induced by quantum corrections.

cCPV
�

⇥R�5⇤µ�⇥RF
µ�

At dim 5 if CP is violated,

At dim 6 if CP is well-conserved, 

This again can contribute to SI process in DM direct search.

DM coupling with photon by quantum corrections  can be relevant for DM direct search!

cCP
�2

⇥R�5�µ⇥R⇤�F
µ�

2014年12月5日金曜日
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FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection
constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick
dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ⇥ m2

�/m
2
⇥ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic
(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region
corresponds to y2 > 4� and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM
with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g � 2 measurements (see Sec. VA), a
Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for
gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments
and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section ⇤⇥⇥p⌅ (see Eq. (17)). In (d), we summarize direct
detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare
again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the
AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.
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We show results for DM couplings to electrons, muons, and tau leptons. Note that for couplings to electrons, the divergence in
A is regularized by the momentum transfer q2 rather than me because in typical DM–nucleus scattering processes, |q2| � m2
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We have assumed y = 1 and m⇥ = 100 GeV.
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At very small � or ⇥, one may wonder whether a calculation at fixed order in perturbation theory is still valid. However,
in the case of interest to us, namely µ� 1 ⌅ �, the divergent logarithms in Eqs. (10) and (11) are at most of order 10
even for DM couplings to electrons.

2. Dipole moment for Dirac fermions

If ⌅ is a Dirac fermion rather than a Majorana particle, only the two diagrams on the left in Fig. 3 exist. They
generate an anapole moment A that is half as large as the one for Majorana DM, Eq. (10), and a magnetic dipole
moment dM given by

dM =
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for q2 ⇧ 0. The dipole moment will turn out to be
numerically much more important than the anapole mo-
ment in scattering processes involving Dirac DM. If m⇥ is
neglected compared to m�, i.e. � ⇧ 0, Eq. (12) simplifies

to

dM =
y2e
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µ log
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Note that, unlike the anapole moment A, the dipole mo-
ment dM is not divergent for � ⇧ 0. For µ� 1 ⇤ � ⇤ 1,
the leading term in dM is proportional to 1/

⌃
�. The
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neglected compared to m�, i.e. � ⇧ 0, Eq. (12) simplifies

to
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Note that, unlike the anapole moment A, the dipole mo-
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the leading term in dM is proportional to 1/
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matter–photon coupling for Majorana DM. For Dirac DM,
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in slepton decays are very soft. In the supersymmetric
context, a model with nearly degenerate neutralino and
slepton masses has been studied with a di�erent goal in
[80]. We will comment on this model also at the end of
Sec. VI.

III. ELECTROMAGNETIC FORM FACTORS OF
DARK MATTER AND DIRECT DETECTION

CONSTRAINTS

We now establish the connection between indirect
gamma ray signatures of DM in our toy model and di-
rect laboratory searches on Earth. Connecting the final
state fermion lines in the internal bremsstrahlung and fi-
nal state radiation diagrams from Fig. 1, we obtain an
e�ective vertex coupling the DM particle to the photon
through loops of the form shown in Fig. 3. At dimension
5 and 6, the most general form of this e�ective interaction
for a neutral fermion ⇧ is [81]

Le� ⇧
dM
2

⇧̄⌅µ⇥⇧Fµ⇥ +
dE
2

⇧̄⌅µ⇥�5⇧Fµ⇥

+A ⇧̄�µ�5⇧⌃⇥Fµ⇥ , (9)

where dM is the magnetic dipole moment, dE is the elec-
tric dipole moment, and A is the anapole moment. For
Majorana DM, only the anapole term is nonzero [54, 55],
as can be seen by using the fact that a Majorana field
is invariant under the charge conjugation operation Ĉ,
i.e. Ĉ⇧Ĉ ⇤ �i�2⇧� = ⇧. Applying this identity to the
fermion fields in Eq. (9), it is straightforward to show
that the magnetic and electric dipole terms vanish.
Note that establishing a similar connection between

DM annihilation and loop-induced electromagnetic form
factors is also possible in internal bremsstrahlung mod-
els with scalar DM and fermionic mediators, or with
Majorana DM and vector mediators [74, 82]. We have
seen above that these scenarios are phenomenologically
as interesting as our model with Majorana DM and a
scalar mediator because internal bremsstrahlung domi-
nates over DM annihilation to 2-body final states in all
of them. The connection between gamma ray lines from
DM annihilation and direct detection signals has been
made also for models with loop-induced DM annihilation
to photons in [83].

A. One Loop Contribution to the Electromagnetic
Moments

We will now compute the loop induced electromag-
netic interactions for the DM particles in our toy model
Eq. (1).

1. Anapole moment for Majorana fermions

We begin by evaluating the diagrams in Fig. 3 to obtain
the anapole form factor A in Eq. (9) for Majorana DM.
For negligible 4-momentum transfer q we find

A = � ey2

96⇤2m2
⇤

⇤
3

2
log

µ

⇥
� 1 + 3µ� 3⇥⇧

(µ� 1� ⇥)2 � 4⇥
arctanh

�⇧
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⇥⌅
, (|q2|⌃ m2

⌅) (10)

with µ = m2
�/m

2
⇤ , ⇥ = m2

⌅/m
2
⇤. Taking into account the behavior of the arctanh function when its argument

approaches 1, it is easy to see that for 1 ⌥ µ � 1 ⌥ ⇥ � 0, the anapole moment diverges logarithmically as
A ⌅ ey2/(48⇤2m2

⇤) ⇥ log(⇥)/(µ � 1). This behavior can be qualitatively understood by noting that, if m�  m⇤

and q2  0, all three propagators in the loops of Fig. 3 can be close to the mass shell simultaneously. In the limit
µ � 1 ⌃ ⇥ ⌃ 1, on the other hand, the leading term in A is proportional to 1/

⌦
⇥. Note that in this limit, the

expression in Eq. (10) requires analytic continuation of the arctanh function into the complex plane. The dependence
of A on the degeneracy parameter µ is shown in Fig. 4 (a) for y = 1 and m⇤ = 100 GeV.

If |q2|⌥ m2
⌅ , a case that is relevant for instance in DM–nucleus scattering through loops containing electrons, the

approximation q2 � 0 underlying Eq. (10) is not applicable. In this case, it is instead convenient to set m⌅ = 0 and
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FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection
constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick
dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ⇥ m2

�/m
2
⇥ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic
(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region
corresponds to y2 > 4� and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM
with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g � 2 measurements (see Sec. VA), a
Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for
gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments
and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section ⇤⇥⇥p⌅ (see Eq. (17)). In (d), we summarize direct
detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare
again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the
AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.
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FIG. 4: The (a) anapole moment for Majorana DM and (b) magnetic dipole moment for Dirac DM as a function of µ = m2
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We show results for DM couplings to electrons, muons, and tau leptons. Note that for couplings to electrons, the divergence in
A is regularized by the momentum transfer q2 rather than me because in typical DM–nucleus scattering processes, |q2| � m2

e.
We have assumed y = 1 and m⇥ = 100 GeV.
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At very small � or ⇥, one may wonder whether a calculation at fixed order in perturbation theory is still valid. However,
in the case of interest to us, namely µ� 1 ⌅ �, the divergent logarithms in Eqs. (10) and (11) are at most of order 10
even for DM couplings to electrons.

2. Dipole moment for Dirac fermions

If ⌅ is a Dirac fermion rather than a Majorana particle, only the two diagrams on the left in Fig. 3 exist. They
generate an anapole moment A that is half as large as the one for Majorana DM, Eq. (10), and a magnetic dipole
moment dM given by
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for q2 ⇧ 0. The dipole moment will turn out to be
numerically much more important than the anapole mo-
ment in scattering processes involving Dirac DM. If m⇥ is
neglected compared to m�, i.e. � ⇧ 0, Eq. (12) simplifies

to

dM =
y2e

32⇤2m�

⇤
µ log

µ

µ� 1
� 1

⌅
. (13)

Note that, unlike the anapole moment A, the dipole mo-
ment dM is not divergent for � ⇧ 0. For µ� 1 ⇤ � ⇤ 1,
the leading term in dM is proportional to 1/

⌃
�. The
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in slepton decays are very soft. In the supersymmetric
context, a model with nearly degenerate neutralino and
slepton masses has been studied with a di�erent goal in
[80]. We will comment on this model also at the end of
Sec. VI.

III. ELECTROMAGNETIC FORM FACTORS OF
DARK MATTER AND DIRECT DETECTION

CONSTRAINTS

We now establish the connection between indirect
gamma ray signatures of DM in our toy model and di-
rect laboratory searches on Earth. Connecting the final
state fermion lines in the internal bremsstrahlung and fi-
nal state radiation diagrams from Fig. 1, we obtain an
e�ective vertex coupling the DM particle to the photon
through loops of the form shown in Fig. 3. At dimension
5 and 6, the most general form of this e�ective interaction
for a neutral fermion ⇧ is [81]
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⇧̄⌅µ⇥⇧Fµ⇥ +
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⇧̄⌅µ⇥�5⇧Fµ⇥

+A ⇧̄�µ�5⇧⌃⇥Fµ⇥ , (9)

where dM is the magnetic dipole moment, dE is the elec-
tric dipole moment, and A is the anapole moment. For
Majorana DM, only the anapole term is nonzero [54, 55],
as can be seen by using the fact that a Majorana field
is invariant under the charge conjugation operation Ĉ,
i.e. Ĉ⇧Ĉ ⇤ �i�2⇧� = ⇧. Applying this identity to the
fermion fields in Eq. (9), it is straightforward to show
that the magnetic and electric dipole terms vanish.
Note that establishing a similar connection between

DM annihilation and loop-induced electromagnetic form
factors is also possible in internal bremsstrahlung mod-
els with scalar DM and fermionic mediators, or with
Majorana DM and vector mediators [74, 82]. We have
seen above that these scenarios are phenomenologically
as interesting as our model with Majorana DM and a
scalar mediator because internal bremsstrahlung domi-
nates over DM annihilation to 2-body final states in all
of them. The connection between gamma ray lines from
DM annihilation and direct detection signals has been
made also for models with loop-induced DM annihilation
to photons in [83].

A. One Loop Contribution to the Electromagnetic
Moments

We will now compute the loop induced electromag-
netic interactions for the DM particles in our toy model
Eq. (1).

1. Anapole moment for Majorana fermions

We begin by evaluating the diagrams in Fig. 3 to obtain
the anapole form factor A in Eq. (9) for Majorana DM.
For negligible 4-momentum transfer q we find
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approaches 1, it is easy to see that for 1 ⌥ µ � 1 ⌥ ⇥ � 0, the anapole moment diverges logarithmically as
A ⌅ ey2/(48⇤2m2

⇤) ⇥ log(⇥)/(µ � 1). This behavior can be qualitatively understood by noting that, if m�  m⇤

and q2  0, all three propagators in the loops of Fig. 3 can be close to the mass shell simultaneously. In the limit
µ � 1 ⌃ ⇥ ⌃ 1, on the other hand, the leading term in A is proportional to 1/
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⇥. Note that in this limit, the

expression in Eq. (10) requires analytic continuation of the arctanh function into the complex plane. The dependence
of A on the degeneracy parameter µ is shown in Fig. 4 (a) for y = 1 and m⇤ = 100 GeV.

If |q2|⌥ m2
⌅ , a case that is relevant for instance in DM–nucleus scattering through loops containing electrons, the

approximation q2 � 0 underlying Eq. (10) is not applicable. In this case, it is instead convenient to set m⌅ = 0 and
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FIG. 4: Fig. 4. Parameter space for WIMPs coupling
to electrons through axial-vector interactions. The
XENON100 upper limit (90% confidence level) is indicated
by the blue line, along with the green/yellow bands indicat-
ing the 1⇥/2⇥ sensitivity. For comparison, we also show the
DAMA/LIBRA allowed region (red) and the constraint from
Super-Kamiokande (SK) using neutrinos from the Sun, by
assuming dark matter annihilation into ⇤ ⇤̄ or ��̄, both calcu-
lated in [11].

data from the XENON10 detector, completely excludes
the DAMA/LIBRA signal, and sets the strongest direct
limit to date on the cross section of WIMPs coupling to
electrons through axial-vector interactions.For compari-
son, we also show the DAMA/LIBRA allowed region and
the constraint from Super-Kamiokande using neutrinos
from the Sun, by assuming dark matter annihilation into
⇧ ⇧̄ or ⇥⇥̄, both calculated in [11]. The XENON100 data
completely excludes the DAMA/LIBRA signal and sets
the strongest direct limit to date on the cross section of
WIMPs coupling to electrons through axial-vector inter-
actions, excluding cross-sections above 6⇥ 10�35 cm2 for
WIMPs with a mass of m� = 2GeV/c2.

Kinematically Mixed Mirror Dark Matter: It
has been suggested that multi-component models with
light dark matter particles of ⇤MeV/c2 mass might ex-
plain the DAMA/LIBRA modulation [32]. A specific ex-
ample of such a model, kinematically mixed mirror dark
matter [33], was shown to broadly have the right proper-
ties to explain the DAMA/LIBRA signal via dark matter-
electron scattering. In this model, dark matter halos are
composed of a multi-component plasma of mirror parti-
cles, each with the same mass as their standard model
partners. The mirror sector is connected to the normal
sector by kinetic mixing of photons and mirror photons at
the level of ⇤ 10�9, which provides a production mech-
anism for mirror dark matter and a scattering channel
with ordinary matter. While mirror hadrons would not
induce nuclear recoils above threshold, mirror electrons
(m⇥

e = 511 keV/c2) would have a velocity dispersion large
enough to induce ⇤keV electronic recoils.

The di�erential scattering rate of mirror electrons is
proportional to gNne0 , where g is the number of loosely-
bound electrons, assumed to be those with binding en-

ergy < 1 keV [33], N is the number of target atoms
and ne0 is the mirror electron density.The detector-
dependent quantities are N and g. In order to com-
pare DAMA/LIBRA directly with XENON100, we ap-
ply a constant scaling of gXe/gNaI · NXe/NNaI = 0.89 to
the DAMA/LIBRA spectrum and use the same proce-
dure as in the case of axial-vector coupling: We again
consider only the DAMA/LIBRA modulation signal, use
the 70 summer live days, model scintillation in liquid
xenon as described previously, and simply compare in-
tegral counts up to the point where the DAMA/LIBRA
signal falls below the expected average XENON100 back-
ground data rate (at 13 PE), without background sub-
traction. This excludes the DAMA/LIBRA signal as
kinematically mixed mirror dark matter at 3.6⌅ confi-
dence level.
Luminous Dark Matter: The third model we con-

sider is Luminous Dark Matter [34], featuring a dark mat-
ter particle with a ⇤keV mass splitting between states
connected by a magnetic dipole moment operator. The
dark matter particle upscatters in the Earth and later de-
excites, possibly within a detector, with the emission of
a real photon. The experimental signature of this model
is a mono-energetic line from the de-excitation photon.
A mass splitting � = 3.3 keV provides a good fit to the
DAMA/LIBRA signal [34] which would be explained as
scattering of a real photon from the de-excitation of a
⇤GeV/c2 dark matter particle that is heavy enough to
undergo upscattering, but light enough to evade detec-
tion in other direct searches.

This signature is independent of the target material;
only the sensitive volume a�ects the induced event rate.
As rates are typically given per unit detector mass, scal-
ing to volume is inversely proportional to target density.
We thus apply a constant scaling factor to the di�er-
ential rate in DAMA/LIBRA which is the ratio of the
target densities ⇤NaI/⇤Xe = 1.29 in order to compare
it to XENON100. Proceeding as in the previous two
cases, we exclude the DAMA/LIBRA signal as luminous
dark matter at 4.6⌅ confidence level. Together with the
other two exclusions presented above, this robustly rules
out leptophilic dark matter interactions as cause for the
DAMA/LIBRA signal.
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fermionic DM

Γχ ⊗ Γℓ σ(χe → χe)/σ0
χe σ(χN → χN)/σ1

χN

S ⊗ S 1 α2
em [2-loop]

S ⊗ P O(v2) −
P ⊗ S O(r2

ev
2) α2

emv2 [2-loop]

P ⊗ P O(r2
ev

4) −
V ⊗ V 1 1 [1-loop]

V ⊗ A O(v2) −
A ⊗ V O(v2) v2 [1-loop]

A ⊗ A 3 −
T ⊗ T 12 q2

ℓ [1-loop]

AT ⊗ T O(v2) q2
ℓ v

−2 [1-loop]

scalar DM

Γℓ σ(χe → χe)/σ0
χe,5 σ(χN → χN)/σ1

χN,5

S 1 α2
em [2-loop]

P O(v2) −

TABLE I: Scattering cross section suppression by small parameters for DM–electron scattering and loop

induced DM–nucleon scattering for all possible Lorentz structures. Here, v ∼ 10−3 is the DM velocity,

re = me/mχ, and qℓ = mℓ/mN (ℓ = e, µ, τ). The reference cross sections σ0
χe, σ0

χe,5, σ1
χN , σ1

χN,5 are defined

in eqs. 13, 15, 26. The couplings cχ, cℓ, d have been set to one. The entries for χN → χN are orders of

magnitude estimates.

leading order in these expansion parameters. Up to the velocity or electron mass suppression
the typical size of the scattering cross section is

σ0
χe ≡

G2m2
e

π
=

m2
e

πΛ4
≈ 3.1 × 10−39 cm2

!

Λ

10 GeV

"−4

. (13)

For scalar DM the χe scattering cross section is induced by the dimension 5 operator,
eq. 4, giving

σ = σ0
χe,5

!

d2
S +

d2
P

2
v2

"

, (14)

with

σ0
χe,5 ≡

G2
5

4π

m2
e

m2
χ

=
1

4πΛ2

m2
e

m2
χ

= 7.7 × 10−42 cm2

!

Λ

10 GeV

"−2
# mχ

100 GeV

$−2
. (15)

Compared to fermionic DM two powers of Λ are replaced by mχ which typically is larger
than Λ. The scalar DM scattering cross section is thus further suppressed compared to the
fermionic case for given Λ. The results of eqs. 10–12 and 14 are summarized in the middle
column of Tab. I.
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neutrino-DM scattering can also be large.

Neutrino line search give factor a few stronger constraint.
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Flavored νR (leptophilic) Dark Matter signatures

Loop induced DM couplings with Weak bosons are negligible.

Majorana nature forbids flavor diagonal vector and tensor coupling with vector bosons.

⇥R�µ⇥RVµ + h.c, ⇥R⇤µ�⇥RF
µ�
(V ) + h.c ! 0
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We could also expect flavor conserving DM-photon couplings in higher 
dimensional operators which are expected to be induced by quantum corrections.

cCPV
�

⇥R�5⇤µ�⇥RF
µ�

At dim 5 if CP is violated,

At dim 6 if CP is well-conserved, 

This again can contribute to SI process in DM direct search.

DM coupling with photon by quantum corrections  can be relevant for DM direct search!

cCP
�2

⇥R�5�µ⇥R⇤�F
µ�
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FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection
constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick
dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ⇥ m2

�/m
2
⇥ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic
(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region
corresponds to y2 > 4� and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM
with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g � 2 measurements (see Sec. VA), a
Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for
gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments
and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section ⇤⇥⇥p⌅ (see Eq. (17)). In (d), we summarize direct
detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare
again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the
AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.

10

(a) (b)

(c) (d)

FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection
constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick
dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ⇥ m2

�/m
2
⇥ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic
(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region
corresponds to y2 > 4� and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM
with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g � 2 measurements (see Sec. VA), a
Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for
gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments
and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section ⇤⇥⇥p⌅ (see Eq. (17)). In (d), we summarize direct
detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare
again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the
AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.

6

(a) (b)

FIG. 4: The (a) anapole moment for Majorana DM and (b) magnetic dipole moment for Dirac DM as a function of µ = m2
�/m

2
⇥.

We show results for DM couplings to electrons, muons, and tau leptons. Note that for couplings to electrons, the divergence in
A is regularized by the momentum transfer q2 rather than me because in typical DM–nucleus scattering processes, |q2| � m2

e.
We have assumed y = 1 and m⇥ = 100 GeV.

keep only to the leading term in ⇥ ⇥
⌥

|q2|/m�, which leads to

A = � ey2

32⇤2m2
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⇧
�10 + 12 log ⇥ � (3 + 9µ) log(µ� 1)� (3� 9µ) logµ

9(µ� 1)

⌃
, (|q2| ⌅ m2

⇥) . (11)

At very small � or ⇥, one may wonder whether a calculation at fixed order in perturbation theory is still valid. However,
in the case of interest to us, namely µ� 1 ⌅ �, the divergent logarithms in Eqs. (10) and (11) are at most of order 10
even for DM couplings to electrons.

2. Dipole moment for Dirac fermions

If ⌅ is a Dirac fermion rather than a Majorana particle, only the two diagrams on the left in Fig. 3 exist. They
generate an anapole moment A that is half as large as the one for Majorana DM, Eq. (10), and a magnetic dipole
moment dM given by

dM =
y2e

32⇤2m�

⇧
� 1 +

1

2
(�� µ) log

� �

µ

⇥
� (µ� 1)(µ� 2�)� �(3� �)⌥
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arctanh
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(µ� 1)2 � 2�(µ+ 1) + �2

µ� 1 + �

⌅⌃

(12)

for q2 ⇧ 0. The dipole moment will turn out to be
numerically much more important than the anapole mo-
ment in scattering processes involving Dirac DM. If m⇥ is
neglected compared to m�, i.e. � ⇧ 0, Eq. (12) simplifies

to

dM =
y2e

32⇤2m�

⇤
µ log

µ

µ� 1
� 1

⌅
. (13)

Note that, unlike the anapole moment A, the dipole mo-
ment dM is not divergent for � ⇧ 0. For µ� 1 ⇤ � ⇤ 1,
the leading term in dM is proportional to 1/

⌃
�. The
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FIG. 3: The one loop diagrams generating the e�ective dark
matter–photon coupling for Majorana DM. For Dirac DM,
the two diagrams on the right are absent.

in slepton decays are very soft. In the supersymmetric
context, a model with nearly degenerate neutralino and
slepton masses has been studied with a di�erent goal in
[80]. We will comment on this model also at the end of
Sec. VI.

III. ELECTROMAGNETIC FORM FACTORS OF
DARK MATTER AND DIRECT DETECTION

CONSTRAINTS

We now establish the connection between indirect
gamma ray signatures of DM in our toy model and di-
rect laboratory searches on Earth. Connecting the final
state fermion lines in the internal bremsstrahlung and fi-
nal state radiation diagrams from Fig. 1, we obtain an
e�ective vertex coupling the DM particle to the photon
through loops of the form shown in Fig. 3. At dimension
5 and 6, the most general form of this e�ective interaction
for a neutral fermion ⇧ is [81]

Le� ⇧
dM
2

⇧̄⌅µ⇥⇧Fµ⇥ +
dE
2

⇧̄⌅µ⇥�5⇧Fµ⇥

+A ⇧̄�µ�5⇧⌃⇥Fµ⇥ , (9)

where dM is the magnetic dipole moment, dE is the elec-
tric dipole moment, and A is the anapole moment. For
Majorana DM, only the anapole term is nonzero [54, 55],
as can be seen by using the fact that a Majorana field
is invariant under the charge conjugation operation Ĉ,
i.e. Ĉ⇧Ĉ ⇤ �i�2⇧� = ⇧. Applying this identity to the
fermion fields in Eq. (9), it is straightforward to show
that the magnetic and electric dipole terms vanish.
Note that establishing a similar connection between

DM annihilation and loop-induced electromagnetic form
factors is also possible in internal bremsstrahlung mod-
els with scalar DM and fermionic mediators, or with
Majorana DM and vector mediators [74, 82]. We have
seen above that these scenarios are phenomenologically
as interesting as our model with Majorana DM and a
scalar mediator because internal bremsstrahlung domi-
nates over DM annihilation to 2-body final states in all
of them. The connection between gamma ray lines from
DM annihilation and direct detection signals has been
made also for models with loop-induced DM annihilation
to photons in [83].

A. One Loop Contribution to the Electromagnetic
Moments

We will now compute the loop induced electromag-
netic interactions for the DM particles in our toy model
Eq. (1).

1. Anapole moment for Majorana fermions

We begin by evaluating the diagrams in Fig. 3 to obtain
the anapole form factor A in Eq. (9) for Majorana DM.
For negligible 4-momentum transfer q we find

A = � ey2

96⇤2m2
⇤

⇤
3

2
log

µ

⇥
� 1 + 3µ� 3⇥⇧

(µ� 1� ⇥)2 � 4⇥
arctanh

�⇧
(µ� 1� ⇥)2 � 4⇥

µ� 1 + ⇥

⇥⌅
, (|q2|⌃ m2

⌅) (10)

with µ = m2
�/m

2
⇤ , ⇥ = m2

⌅/m
2
⇤. Taking into account the behavior of the arctanh function when its argument

approaches 1, it is easy to see that for 1 ⌥ µ � 1 ⌥ ⇥ � 0, the anapole moment diverges logarithmically as
A ⌅ ey2/(48⇤2m2

⇤) ⇥ log(⇥)/(µ � 1). This behavior can be qualitatively understood by noting that, if m�  m⇤

and q2  0, all three propagators in the loops of Fig. 3 can be close to the mass shell simultaneously. In the limit
µ � 1 ⌃ ⇥ ⌃ 1, on the other hand, the leading term in A is proportional to 1/

⌦
⇥. Note that in this limit, the

expression in Eq. (10) requires analytic continuation of the arctanh function into the complex plane. The dependence
of A on the degeneracy parameter µ is shown in Fig. 4 (a) for y = 1 and m⇤ = 100 GeV.

If |q2|⌥ m2
⌅ , a case that is relevant for instance in DM–nucleus scattering through loops containing electrons, the

approximation q2 � 0 underlying Eq. (10) is not applicable. In this case, it is instead convenient to set m⌅ = 0 and
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Anapole moment of Majorana DM vs direct DM searches
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FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection
constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick
dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ⇥ m2

�/m
2
⇥ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic
(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region
corresponds to y2 > 4� and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM
with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g � 2 measurements (see Sec. VA), a
Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for
gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments
and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section ⇤⇥⇥p⌅ (see Eq. (17)). In (d), we summarize direct
detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare
again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the
AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.
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At very small � or ⇥, one may wonder whether a calculation at fixed order in perturbation theory is still valid. However,
in the case of interest to us, namely µ� 1 ⌅ �, the divergent logarithms in Eqs. (10) and (11) are at most of order 10
even for DM couplings to electrons.

2. Dipole moment for Dirac fermions

If ⌅ is a Dirac fermion rather than a Majorana particle, only the two diagrams on the left in Fig. 3 exist. They
generate an anapole moment A that is half as large as the one for Majorana DM, Eq. (10), and a magnetic dipole
moment dM given by
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for q2 ⇧ 0. The dipole moment will turn out to be
numerically much more important than the anapole mo-
ment in scattering processes involving Dirac DM. If m⇥ is
neglected compared to m�, i.e. � ⇧ 0, Eq. (12) simplifies

to

dM =
y2e

32⇤2m�

⇤
µ log

µ

µ� 1
� 1

⌅
. (13)

Note that, unlike the anapole moment A, the dipole mo-
ment dM is not divergent for � ⇧ 0. For µ� 1 ⇤ � ⇤ 1,
the leading term in dM is proportional to 1/

⌃
�. The
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rect laboratory searches on Earth. Connecting the final
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nal state radiation diagrams from Fig. 1, we obtain an
e�ective vertex coupling the DM particle to the photon
through loops of the form shown in Fig. 3. At dimension
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where dM is the magnetic dipole moment, dE is the elec-
tric dipole moment, and A is the anapole moment. For
Majorana DM, only the anapole term is nonzero [54, 55],
as can be seen by using the fact that a Majorana field
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factors is also possible in internal bremsstrahlung mod-
els with scalar DM and fermionic mediators, or with
Majorana DM and vector mediators [74, 82]. We have
seen above that these scenarios are phenomenologically
as interesting as our model with Majorana DM and a
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nates over DM annihilation to 2-body final states in all
of them. The connection between gamma ray lines from
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For negligible 4-momentum transfer q we find

A = � ey2

96⇤2m2
⇤

⇤
3

2
log

µ

⇥
� 1 + 3µ� 3⇥⇧

(µ� 1� ⇥)2 � 4⇥
arctanh

�⇧
(µ� 1� ⇥)2 � 4⇥

µ� 1 + ⇥

⇥⌅
, (|q2|⌃ m2

⌅) (10)

with µ = m2
�/m

2
⇤ , ⇥ = m2

⌅/m
2
⇤. Taking into account the behavior of the arctanh function when its argument

approaches 1, it is easy to see that for 1 ⌥ µ � 1 ⌥ ⇥ � 0, the anapole moment diverges logarithmically as
A ⌅ ey2/(48⇤2m2

⇤) ⇥ log(⇥)/(µ � 1). This behavior can be qualitatively understood by noting that, if m�  m⇤

and q2  0, all three propagators in the loops of Fig. 3 can be close to the mass shell simultaneously. In the limit
µ � 1 ⌃ ⇥ ⌃ 1, on the other hand, the leading term in A is proportional to 1/

⌦
⇥. Note that in this limit, the

expression in Eq. (10) requires analytic continuation of the arctanh function into the complex plane. The dependence
of A on the degeneracy parameter µ is shown in Fig. 4 (a) for y = 1 and m⇤ = 100 GeV.

If |q2|⌥ m2
⌅ , a case that is relevant for instance in DM–nucleus scattering through loops containing electrons, the

approximation q2 � 0 underlying Eq. (10) is not applicable. In this case, it is instead convenient to set m⌅ = 0 and
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FIG. 4: Fig. 4. Parameter space for WIMPs coupling
to electrons through axial-vector interactions. The
XENON100 upper limit (90% confidence level) is indicated
by the blue line, along with the green/yellow bands indicat-
ing the 1⇥/2⇥ sensitivity. For comparison, we also show the
DAMA/LIBRA allowed region (red) and the constraint from
Super-Kamiokande (SK) using neutrinos from the Sun, by
assuming dark matter annihilation into ⇤ ⇤̄ or ��̄, both calcu-
lated in [11].

data from the XENON10 detector, completely excludes
the DAMA/LIBRA signal, and sets the strongest direct
limit to date on the cross section of WIMPs coupling to
electrons through axial-vector interactions.For compari-
son, we also show the DAMA/LIBRA allowed region and
the constraint from Super-Kamiokande using neutrinos
from the Sun, by assuming dark matter annihilation into
⇧ ⇧̄ or ⇥⇥̄, both calculated in [11]. The XENON100 data
completely excludes the DAMA/LIBRA signal and sets
the strongest direct limit to date on the cross section of
WIMPs coupling to electrons through axial-vector inter-
actions, excluding cross-sections above 6⇥ 10�35 cm2 for
WIMPs with a mass of m� = 2GeV/c2.

Kinematically Mixed Mirror Dark Matter: It
has been suggested that multi-component models with
light dark matter particles of ⇤MeV/c2 mass might ex-
plain the DAMA/LIBRA modulation [32]. A specific ex-
ample of such a model, kinematically mixed mirror dark
matter [33], was shown to broadly have the right proper-
ties to explain the DAMA/LIBRA signal via dark matter-
electron scattering. In this model, dark matter halos are
composed of a multi-component plasma of mirror parti-
cles, each with the same mass as their standard model
partners. The mirror sector is connected to the normal
sector by kinetic mixing of photons and mirror photons at
the level of ⇤ 10�9, which provides a production mech-
anism for mirror dark matter and a scattering channel
with ordinary matter. While mirror hadrons would not
induce nuclear recoils above threshold, mirror electrons
(m⇥

e = 511 keV/c2) would have a velocity dispersion large
enough to induce ⇤keV electronic recoils.

The di�erential scattering rate of mirror electrons is
proportional to gNne0 , where g is the number of loosely-
bound electrons, assumed to be those with binding en-

ergy < 1 keV [33], N is the number of target atoms
and ne0 is the mirror electron density.The detector-
dependent quantities are N and g. In order to com-
pare DAMA/LIBRA directly with XENON100, we ap-
ply a constant scaling of gXe/gNaI · NXe/NNaI = 0.89 to
the DAMA/LIBRA spectrum and use the same proce-
dure as in the case of axial-vector coupling: We again
consider only the DAMA/LIBRA modulation signal, use
the 70 summer live days, model scintillation in liquid
xenon as described previously, and simply compare in-
tegral counts up to the point where the DAMA/LIBRA
signal falls below the expected average XENON100 back-
ground data rate (at 13 PE), without background sub-
traction. This excludes the DAMA/LIBRA signal as
kinematically mixed mirror dark matter at 3.6⌅ confi-
dence level.
Luminous Dark Matter: The third model we con-

sider is Luminous Dark Matter [34], featuring a dark mat-
ter particle with a ⇤keV mass splitting between states
connected by a magnetic dipole moment operator. The
dark matter particle upscatters in the Earth and later de-
excites, possibly within a detector, with the emission of
a real photon. The experimental signature of this model
is a mono-energetic line from the de-excitation photon.
A mass splitting � = 3.3 keV provides a good fit to the
DAMA/LIBRA signal [34] which would be explained as
scattering of a real photon from the de-excitation of a
⇤GeV/c2 dark matter particle that is heavy enough to
undergo upscattering, but light enough to evade detec-
tion in other direct searches.

This signature is independent of the target material;
only the sensitive volume a�ects the induced event rate.
As rates are typically given per unit detector mass, scal-
ing to volume is inversely proportional to target density.
We thus apply a constant scaling factor to the di�er-
ential rate in DAMA/LIBRA which is the ratio of the
target densities ⇤NaI/⇤Xe = 1.29 in order to compare
it to XENON100. Proceeding as in the previous two
cases, we exclude the DAMA/LIBRA signal as luminous
dark matter at 4.6⌅ confidence level. Together with the
other two exclusions presented above, this robustly rules
out leptophilic dark matter interactions as cause for the
DAMA/LIBRA signal.
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fermionic DM

Γχ ⊗ Γℓ σ(χe → χe)/σ0
χe σ(χN → χN)/σ1

χN

S ⊗ S 1 α2
em [2-loop]

S ⊗ P O(v2) −
P ⊗ S O(r2

ev
2) α2

emv2 [2-loop]

P ⊗ P O(r2
ev

4) −
V ⊗ V 1 1 [1-loop]

V ⊗ A O(v2) −
A ⊗ V O(v2) v2 [1-loop]

A ⊗ A 3 −
T ⊗ T 12 q2

ℓ [1-loop]

AT ⊗ T O(v2) q2
ℓ v

−2 [1-loop]

scalar DM

Γℓ σ(χe → χe)/σ0
χe,5 σ(χN → χN)/σ1

χN,5

S 1 α2
em [2-loop]

P O(v2) −

TABLE I: Scattering cross section suppression by small parameters for DM–electron scattering and loop

induced DM–nucleon scattering for all possible Lorentz structures. Here, v ∼ 10−3 is the DM velocity,

re = me/mχ, and qℓ = mℓ/mN (ℓ = e, µ, τ). The reference cross sections σ0
χe, σ0

χe,5, σ1
χN , σ1

χN,5 are defined

in eqs. 13, 15, 26. The couplings cχ, cℓ, d have been set to one. The entries for χN → χN are orders of

magnitude estimates.

leading order in these expansion parameters. Up to the velocity or electron mass suppression
the typical size of the scattering cross section is

σ0
χe ≡

G2m2
e

π
=

m2
e

πΛ4
≈ 3.1 × 10−39 cm2

!

Λ

10 GeV

"−4

. (13)

For scalar DM the χe scattering cross section is induced by the dimension 5 operator,
eq. 4, giving

σ = σ0
χe,5

!

d2
S +

d2
P

2
v2

"

, (14)

with

σ0
χe,5 ≡

G2
5

4π

m2
e

m2
χ

=
1

4πΛ2

m2
e

m2
χ

= 7.7 × 10−42 cm2

!

Λ

10 GeV

"−2
# mχ

100 GeV

$−2
. (15)

Compared to fermionic DM two powers of Λ are replaced by mχ which typically is larger
than Λ. The scalar DM scattering cross section is thus further suppressed compared to the
fermionic case for given Λ. The results of eqs. 10–12 and 14 are summarized in the middle
column of Tab. I.
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Some plots/basic discussions from J.Kopp et al (2009,2014)

neutrino-DM scattering can also be large.

Neutrino line search give factor a few stronger constraint.
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IceCube Collaboration 2016

IC79
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Figure 7: Limits on the spin-dependent WIMP-proton cross-section from IC79, for a range
of di↵erent annihilation final states. The canonical hard (W+

W

� and ⌧

+
⌧

�) and soft (bb̄)
channels bracket the possible limits for di↵erent models reasonably well. More extreme
channels (hardest: ⌫⌫̄, softest: gg) less often found in SUSY can lead to even stronger
or weaker constraints. For the ⌫⌫̄ channel we have assumed equal branching fractions for
all three neutrino flavours. The ability to easily and quickly compute full limits for any
combination of final states is a particular feature of the method and tools we present in this
paper. As a convenience, datafiles for all curves in this figure are available precomputed in
the nulike download3.

are up to a factor of 4 stronger than the previous analysis at multi-TeV masses. The latest
update of WIMPSim fixes an issue with propagation of neutrinos in the Sun that a↵ected
the version used to derive the original IC79 limits [1]. This resulted in conservative limits
for WIMP masses above ⇠500GeV, ranging from a factor of 1.05 at 500GeV to 1.2 at 1TeV
and up to 1.5 at 5TeV for the W

+
W

� and ⌧

+
⌧

� final states. Improvements beyond those
factors are due to the improved analysis method in this paper.

Fig. 6 compares these limits to other searches for spin-dependent DM-proton scattering,
both from the Sun and direct detection experiments. The 79-string IceCube data provide the
strongest limits of any search for all masses above ⇠100–200GeV (the exact value depends
on the annihilation channel). Super-Kamiokande [2] is the most sensitive experiment at all
lower masses. Limits from direct detection [33, 34] are weaker, except in the case of DM
with soft or suppressed annihilation spectra, in which case the PICO experiment [33, 34]
is the most constraining. Indirect DM searches by Antares [36] and Baksan [37] have set
less stringent limits on the spin-dependent DM-proton scattering and are consequently not
included in Fig. 6.
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Dark Matter indirect detection

The annihilation into two leptons are P-wave suppressed.

In this kind of cases, the leading contribution may come from 2   3 process.

Two leptons + a photon or Two leptons + a EW boson(W/Z) 

T.Bringmann,L.Bergstrom, J.Edsjo(2008)

The mass degeneracy between messenger and DM obtain enhancement in the rate.

P-wave nature of 2    2 process may not always completely hidden in present universe.

J.Shelton, S.Shapiro, B.D.Fields(2015)

If DM velocity dispersion is large e.g nearby BH.



Summary

We discussed the possibility of thermal dark matter in small VEV seesaw scenario.

LHC is putting constraints on this model.

→Moderate degeneracy between DM and messenger particle has been required. 

EW precision measurements and rare decay searches also put the constraints for
the possibility of thermal DM.

The detail model building discussions for small flavor symmetry breaking/EW VEV would be required.


