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Fermi-LAT Study of Cosmic-rays/Diffuse Gamma-rays and Implications on
Particle Physics

Tsunefumi M1zuno! on behalf of the Fermi-LAT collaboration

! Department of Physics, Hiroshima University, Hiroshima 739-8526, Japan

The Galactic and extragalactic diffuse gamma-ray emission has been one of hot topics
in high-energy astrophysics. The Galactic diffuse gamma-rays is a powerful probe to study
cosmic-rays and the interstellar medium in the Milky Way. The extragalactic diffuse gamma-
ray emission is composed of contributions from unresolved sources such as active galactic
nuclei. They may also contain the signature of exotic physics like the annihilation of dark
matter. Our knowledge of the diffuse gamma-ray emission was not good enough in the last
century, however, due to the limited angular resolution, effective area and energy coverage
of past instruments. The situation has been improved significantly by the advent of the
Large Area Telescope (LAT) on board Fermi Gamma-ray Space Telescope launched in 2008
June. The Fermi-LAT also has a capability to measure cosmic-ray electron spectrum up to
about 1 TeV and may probe nearby cosmic-ray electron accelerators or dark matter signal.
We review the observation and analysis of the diffuse gamma-ray emission and cosmic-ray
electrons by the Fermi-LAT, and implications on astrophysics and particle physics.

§1. Introduction

The Galactic diffuse gamma-ray emission is produced by interaction of Galactic cosmic-rays
(CRs) with the interstellar medium (ISM) via nucleon-nucleon interaction and bremsstrahlung, and
with the interstellar radiation field via inverse Compton scattering. It is a direct probe of Galactic
CRs in distant locations, and may include signature of physics beyond the standard model, such as
dark matter annihilation. Therefore the Galactic diffuse gamma-ray emission has been of significant
interest and studied extensively since the beginning of the gamma-ray astrophysics.))3) It is also
a foreground for the much fainter extragalactic diffuse emission.

One of the outstanding questions since the last century is a so-called ” GeV-excess”, the excess
diffuse emission above 1 GeV seen in the EGRET data®):® relative to that expected from the model
based on the directly measured CR spectra. This finding led to the proposal that the emission was
a long-awaited signature of dark matter annihilation.®) More conservative interpretations include
the unexpectedly large variations of CR spectra in the Milky Way”) and the instrumental effect.?)
The Fermi-LAT, with much improved sensitivity®) over the EGRET, had been expected to shed
light on this issue.

The extragalactic diffuse gamma-ray emission, or the extragalactic gamma-ray background
(EGB), was first detected by SAS-2 mission?) and its spectrum was measured up to 10 GeV
by the EGRET.!®) The EGRET also established that the blazars (active galactic nuclei with a
relativistic jet pointing towards us) represent the most numerous populations of gamma-ray objects.
Therefore, undetected blazars (i.e., those under the sensitivity level of EGRET) are the most likely
candidates for the origin of the EGB. Studies of the luminosity function of blazars showed that
the contribution of blazars to the EGRET EGB could be in the range of 20-100%.'D713) It is
thus possible that the EGB encrypts the signature of truly diffuse emission processes, such as
intergalactic shocks produced by large-scale structures'® and the annihilation of dark matter.
The contribution from non-blazar objects such as galaxy clusters and starburst/normal galaxies is
also of interest. Therefore the EGB is one of main topics to be explored by the Fermi-LAT.
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CR electrons lose energy rapidly via synchrotron radiation and inverse Compton scattering
during their propagation in the interstellar space, making their spectrum softer than that of CR
protons. This fact indicates that at the very high energy end CR electrons can probe nearby CR
sources in the vicinity of the solar system. Recent results on the CR electron spectrum, published
in 2008-2009 by PAMELA,'® ATIC'®) and H.E.S.S.'” have opened a new phase in the study
of high-energy CR electrons. PAMELA reports an increase of positron fraction above 10 GeV,
while ATIC detected a prominent spectral feature at around 500 GeV in the inclusive electron and
positron spectrum. H.E.S.S. reports a sharp steepening or cutoff in the e~ + e' spectrum above
1 TeV. These results are not compatible with the conventional model of CR electrons and positrons
proposed before. The nature of possible sources had been widely discussed, such as nearby pulsars
and dark matter annihilation. (For a review, see Ref. 18))

§2. Galactic Diffuse Gamma-ray Emission

2.1. Diffuse Gamma-rays at Intermediate Latitude

Testing the GeV excess was one of the early studies of the diffuse gamma-ray emission seen
by Fermi-LAT. Ref. 19) studied the data at intermediate Galactic latitude (10° < |b] < 20°).
This region was chosen since it maximizes the fraction of signal from diffuse gamma-rays produced
in the vicinity of the solar system, and hence uncertainties associated with CR propagation and
knowledge of the ISM gas distribution should be minimized.
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Fig. 1. (left) Diffuse emission spectra averaged over all Galactic longitudes for latitude range 10° < |b| < 20°
obtained by the Ferms LAT' and the EGRET. Systematic uncertainties are shown by hatched areas. (right)
Fermi-LAT data and the model for the same sky region. The contribution of each model component is also
presented. Upper solid line and lower one represent the pion-decay and bremsstrahlung, respectively.

Figure 1 (left) shows LAT data averaged over all Galactic longitudes and latitude range 10° <
|b] < 20°. Also shown are the EGRET data for the same region of the sky. The hatched bands
surrounding the LAT and EGRET represent the systematic uncertainties of these instruments.
Although the contribution by point sources has not been subtracted for both data sets, the effect
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on the diffuse emission is minor.

As shown by the figure, the LAT-measured spectrum is significantly softer than the EGRET
measurement with an integrated intensity Jpat(> 1 GeV) = (2.354+0.01) x 1076 ecm=2 s71 sr7!
compared to the EGRET intensity JegreT(> 1 GeV) = (3.16 £0.05) x 1075 cm™2 s~ sr~! where
the errors are statistical only. Even if we take account of the systematic uncertainties of two
instruments, the LAT spectrum is lower and softer than that measured by the EGRET above
1 GeV. We thus do not confirm the EGRET GeV-excess in this region of the sky and give strong
constraints on the dark matter interpretations proposed to explain the EGRET data.

On the other hand, the LAT spectrum agrees reasonably with the spectrum of an a priori
diffuse gamma-ray model based on the pre- Fermi CR measurements as shown by the right panel of
the figure. In this figure we replots the Fermi-LAT data along with the spectra of a diffuse emission
model based on local CR measurements, sources detected with more than 5o significance and an
isotropic component. The last term is thought to be comprised of residual particle contamination
and the true extragalactic diffuse emission, and was obtained by fitting to data at higher Galactic
latitudes. The Fermi-LAT spectral shape agrees well with the model in 100 MeV — 10 GeV.
Although the overall intensity of the model is systematically lower by 10-20%, the diffuse gamma-
ray emission model is based on pre-Ferm: data, and the difference between the model and the data
is of the same order as the uncertainty in the measured CR spectra at the relevant energies. The
uncertainty of the ISM gas distribution could also contribute to the observed small discrepancy.
We thus conclude that the LAT data and the model agree well with each other, providing a solid
basis for future work to understand the diffuse gamma-rays and the CR distribution in larger scale.
We also note that, although the Fermi-LAT data rule out the large EGRET GeV-excess, it is still
interesting to look for a smaller excess in diffuse gamma-ray emission from, e.g., the Galactic halo
where the signal due to dark matter annihilation is expected.

2.2. CR density Distribution

Knowledge of the distribution of CR densities within our Galaxy is a key to understand their
origin and propagation. We thus performed the analysis of diffuse gamma-ray emission observed
in the second (Galactic longitude 100° < [ < 145°) and the third (210° < [ < 250°) Galactic
quadrants. Those windows host kinematically well-defined segments of the Galactic spiral arms
present along the line of sight and are the best regions to study the CR density distribution across
the outer Galaxy.

Following a well-established approach that dates back to the COS-B era,?®) we modeled the
~-ray emission as a linear combination of maps tracing the column density of the interstellar gas.
Provided that the H1 column densities are accurately measured, the emissivity per H1atom (traced
by the 21 cm line of atomic hydrogenm)) directly probes the average CR densities in each of the
region studied. In Figure 2 we summarize the integrated emissivity gradient (above 200 MeV)
found beyond the Solar circle in the second and the third quadrants. The bow-ties indicate the
systematic uncertainty due to the optical depth correction applied to the H 1 line intensities, which
was found to be the dominant source of the systematics. See Ref. 23),24) for details of the analysis.
Despite the uncertainties due to the optical-depth correction, both LAT studies consistently point
to a slowly decreasing emissivity profile beyond Galactocentric radius R = 10 kpc.

We will consider the predictions by a CR propagation model to see the impact of such a flat
profile on the CR source distribution and propagation parameters. We utilize the GALPROP
code,?®) a numerical code which solves the CR transport within the Galaxy. A conventional model
with the CR halo size zy = 4 kpc predicts a gradient (solid line in Figure 2 left) steeper than that
inferred from the LAT data.
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Fig. 2. Comparisons of the emissivity gradient obtained by the LAT and model expectations taken from Ref. 22).
The bow-ties represent our estimates for the second (black) and the third (gray) quadrants, and the curves give
the model predictions. The left panel shows models with different halo size from 1 kpc to 20 kpc (the solid line
corresponds to 4 kpc). The right panel shows different choices of the break distance Rpx (from 10 to 15 kpc)
beyond which a flat CR source distribution is assumed.

The discrepancy between the gamma-ray emissivity gradient and the distribution of putative
CR sources has been known as the “gradient problem” since the COS-B era.?®) The most straight-
forward possibility is a larger halo size, as discussed by, e.g., Ref. 25)-27). We therefore tried
several choices of 2z}, as summarized in the dotted lines in the same panel, and found that a very
large halo (zy, > 10 kpc) provides a gradient compatible with the gamma-ray data, if we fully take
into account the systematic uncertainties. A CR source distributions flatter than a standard one
are also investigated, as shown by the right panel of the figure. We obtained a reasonable fit to
the data using a flat CR source distribution beyond R = 10 kpc. The LAT data thus favors a very
large halo size and/or a flat CR source distribution than usually assumed.

Obviously the solution discussed above is not unique. The exploration could be extended
to a non-uniform diffusion coefficient®® or convection.??) The bottom line is that the LAT data
give good constraints on the CR and the matter distribution in the outer Galaxy and the diffuse
gamma-ray model is significantly improved. In the future, the extension to the inner part and
the accurate determination of the gradient over the whole Galaxy will be key to constraining the
CR origin and transport. In addition, better modeling the Galactic diffuse emission is essential in
searching for a dark matter signal in gamma-rays. For a review, see Ref. 30).

§3. Extragalactic Gamma-ray Background

The Galactic diffuse gamma-ray emission presents a strong foreground signal to the much
fainter extragalactic diffuse emission, and hence is a source of the systematic uncertainty of the
EGB. The instrumental background from mis-classified CRs also contributes to the error of the
EGB spectrum. To overcome this issue, Ref. 31) adopted very stringent event selection criteria at
the expense of efficiency. The Galactic diffuse gamma-ray emission was modeled using the GAL-
PROP code, with particular attention given to characterizing the systematic uncertainties in the
foreground modeling. The isotropic background was then derived through a simultaneous fit to
the Galactic diffuse emission, resolved gamma-ray sources and the solar gamma-ray emission in
|b| > 10°. The obtained isotropic component contained the contributions from the CR background.
The residual background was estimated using the detailed instrument simulation, and then sub-
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tracted from the fitted isotropic component to obtain the true EGB. The derived EGB spectrum
from 200 MeV to 100 GeV is shown in Figure 3 (left), which visually shows how important the
modeling of the Galactic diffuse emission is to evaluate the EGB spectrum.
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Fig. 3. (left) Fermi-LAT measured gamma-ray intensity with fit results for the energy range from 200 MeV to
100 GeV and for |b] > 10° reported by Ref. 31). Note that LAT data are dominated by the systematic uncer-
tainties, not the statistical errors. (right) Extragalactic gamma-ray background spectra measured by Fermi-LAT
and EGRET, together with three potential types of gamma-ray spectra induced by dark matter considered in
the analysis of Ref. 32).

Using the Fermi-LAT EGB, Ref. 32) consider three types of generic dark matter candidates
with distinctively different gamma-ray signatures: those annihilating into quarks, charged leptons
and monochromatic photons. The most conservative limit on an annihilation cross section (ov)
can be placed by restricting the dark matter signals not to exceed the measured intensity. Pre-
dicted gamma-ray fluxes from annihilating dark matter are strongly affected by the underlying
distribution of dark matter, and a moderate case considered by Ref. 32) for three representative
annihilation final states (u*p~, bb, and vv) is exemplified by Figure 3 right panel. The obtained
limits for the dark matter cross sections are (ov) = 1.2x 10723 cm3s~! (for a 1.2 TeV WIMP annihi-
lating to pt ™), 5x1072% cm3s ! (for a 200 GeV WIMP annihilating to bb) and 2.5 x 10726 ¢cm3s~!
(for a 180 GeV WIMP annihilating to 7). It is already possible for leptonic dark matter model
to exclude some model space proposed to explain the excess of electrons and positrons measured
by the Fermi-LAT and PAMELA experiments. (See also § 4)

The limits obtained so far were a factor of 10-1000 times higher than the expected thermal
WIMP cross section, (ov) ~ 3 x 10726 cm3s~!. More stringent limit can be derived in principle
by first subtracting the contributions from unresolved astrophysical sources. Ref. 33) examined
the logNN-logS distribution of high-latitude sources. They found that most of unassociated high-
latitude sources are likely to be blazars (see Figure 4 left panel). The distribution is compatible at
brighter fluxes (more than 6 x 1078 ph cm™2 s—1) with a Euclidean function, but at fainter fluxes
the logN-logS distribution displays a significant flattening. By extrapolating and integrating the
logN-logS distribution to zero flux, they derived a fraction of less than 40% for the contribution
by blazars to the EGB, as summarized by Figure 4 right panel. The contribution of other sources
is less determined but has been extensively studied by theoretical calculations (e.g., Ref. 34),35)).
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Fig. 4. (left) Cumulative source count distribution of Fermi blazars and subsamples reported by Ref. 33). (right)
Contribution of point sources to the EGB obtained by extrapolating and integrating the log/N-logS to zero flux,
taken from Ref. 33). The line from 100 MeV to 100 GeV was derived from the study of log/N-logS in the whole
band, while three solid lines come from the study of individual energy band. The bands show the total (statistical
and systematic) uncertainty.

§4. Cormic-Ray Electrons

It was recognized in the early stage of the LAT design that being a pair-conversion type
gamma-ray telescope, the LAT intrinsically is an electron spectrometer.3®) Thanks to its large
effective erea, large solid angle and long exposure, the LAT gives by far the highest statistics on
CR electron and positron spectrum from about 10 MeV to 1 TeV.

The resulting spectrum of high energy CR electrons from 7 GeV to 1 TeV is shown in Fig-
ure 5 (left) together with the CR electron spectra previously reported. The Fermi-LAT spectrum
smoothly connects with the HESS electron measurements at higher energies and can be fitted by
a power-law with spectral index of 3.03-3.13 within the systematic errors. It does not confirm the
anomalous spectral features reported by ATIC.'6)

Nevertheless, there is a less dramatic feature apparent above 200 GeV in the Fermi-LAT
spectrum. While the data are compatible with a power-law spectrum within the systematic uncer-
tainties, if a model with a power-law spectrum constrained by other data (such as the model curve
shown in the figure) is compared with the Fermi-LAT data, the significance of the spectral feature
can be high. Therefore the Fermi-LAT data and the positron fraction measured by PAMELA?)
have motivated the construction of dark matter models to produce the apparent features observed
by these instruments. Those scenarios require a self-annihilation cross section about 100-1000
times larger than the expected thermal WIMP cross section ({ov) ~ 3 x 10726 cm3s7!) to explain
the relatively large number of additional electrons and positrons, as discussed, e.g., by Ref. 18).
Some parameter space of such models is excluded by the Fermi-LAT EGB spectrum.3?)

A more conservative scenario is to invoke the nearby CR electron/positron accelerators such
as pulsars. If a few sources are responsible of PAMELA positron fraction and Fermi-LAT electron
spectrum, anisotropy of CR electron may be observed in high energies. Although Fermi-LAT has
not detected significant anisotropy of the arrival direction in 60 GeV up to 480 GeV, the obtained
upper limit has been already close to the expectations from individual nearby pulsars, as shown
by Figure 5 (right).
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Fig. 5. (left) The Fermi-LAT CR electron spectrum compared with previous measurements.>” The band shows
systematic errors. Dashed line shows the model based on pre-Fermi results. (right) Dipole anisotropy as a
function of minimum energy of Fermi-LAT CR electrons reported by Ref. 38). Solid line corresponds to the
pure diffusive model calculated by GALPROP. The anisotropy expected from two nearby pulsars are shown by
dashed and dotted lines. See Ref. 38) for details.
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Single scale model of SUSY breaking, gauge mediation,
and dark matter
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Constructing a model of supersymmetry (SUSY) breaking and its mediation
to the SUSY standard model (SSM) is one of the most important issues if SUSY is
relevant to nature. Phenomenologically, an interesting scenario is as follows. Suppose
that there is a SUSY breaking sector which has only one mass scale A as a free
parameter. SUSY breaking is mediated via standard model gauge interaction (i.e.
gauge mediation). We also assume that there is a neutral, stable particle in the
hidden sector which can be a candidate for dark matter. Then, the masses of SSM
sparticles, the dark matter, and the gravitino is roughly given by

92 /12

Megparticle ™~ A, Mdark—matter ~ A, Mgravitino ™~

)
1672 Mpianck

where g represents the standard model gauge couplings.

If we require that the sparticle mass scale is of order mgparticle ~ 1 TeV, we obtain
A ~ 100 TeV. Then, we obtain that the gravitino mass is of order mgravitino ~ 1 eV.
Such a light gravitino is known to cause no cosmological problems and hence is very
interesting. But in that case the lightest sparticle in the SSM cannot be a dark
matter. However, if there is a neutral, stable particle in the SUSY breaking sector,
its mass is of order Myark—matter ~ 100 TeV. It is known that this is a correct mass
scale for a strongly interacting particle to be a dark matter. Therefore, a strongly
interacting SUSY breaking sector with a single mass scale A ~ 100 TeV may realize
a phenomenologically very interesting scenario.

The assumption of strongly coupled SUSY breaking sector with a single mass
scale and its application to gauge mediation seems very natural in the context of
dynamical SUSY breaking and direct gauge mediation. But constructing an explicit
model is not easy. In the sequence of works )3, such a model is constructed which
indeed is strongly coupled, has a single mass scale, has a candidate for dark matter
and can be applied to gauge mediation.
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Higgs boson (“sigma meson”) as formulated in the Gell-Mann-Levy (GL) linear sigma
model may be a composite object as it turned out in QCD. We shall discuss a composite Higgs
boson in various models of dynamical symmetry breaking with large anomalous dimension
at conformal fixed point: The techni-dilaton (“conformal Higgs”) in the conformal/scale-
invariant (walking) technicolor (TC) near the Caswell-Banks-Zaks conformal fixed point with
Ym = 1, the t composite (“top-Higgs”) in the top-quark condensate model with ., ~ 2, and
their variants in the models with 1 < v, < 2 (strong ETC TC, etc.). The conformal gauge
dynamics is characterized by the essential singularity scaling, breakdown of the GL effective
theory, and large anomalous dimension v, = 1. In contrast to the folklore that TC is a
“Higgsless theory”, there exists a composite Higgs, techni-dilaton, in the conformal/scale-
invariant T'C as a composite pseudo Nambu-Goldstone boson which is a remnant of (approx-
imate) conformal symmetry, with its mass mass arising from the (nonperturbative) scale
anomaly. The techni-dilaton with the mass 500 — 600 GeV, or other composite Higgs boson
may be discovered at LHC.

The Origin of Mass is the most urgent issue of the particle physics today and
is to be resolved at the LHC experiments. In the standard model (SM), all masses
are attributed to a single parameter of the vacuum expectation value (VEV), (H)
of the hypothetical elementary particle, the Higgs boson. The VEV simply picks up
the mass scale of the input parameter My which is tuned to be tachyonic (Mg < 0)
in such a way as to tune (H) ~ 246 GeV (“naturalness problem”). As such SM
does not explain the Origin of Mass. Particle theorists looking desperately beyond
the SM have been fighting on this central problem over 30 years without decisive
experimental information. Now we are facing a new era that LHC experiments will
tell us which theory is right while others are not.

It should be recalled that the very concept of SSB was created by the 2008
Nobel prize work of Nambu!) in the concrete form of DSB where the nucleon mass
my was dynamically generated via Cooper pairing of (then elementary) nucleon
and anti-nucleon, ‘“nucleon condensate”, based on the Bardeen-Cooper-Schrieffer
(BCS) analogue of superconductor: Accordingly, there appeared pions as massless
Nambu-Goldstone (NG) bosons which were dynamically generated to be nucleon
composites in the same sense as in the Fermi-Yang? /Sakata model.?) Thus the SSB
was born as DSB! The real physical meaning of this mysterious tachyonic mode was
actually revealed by Nambu as the BCS instability where attractive forces (effective
four-fermion interactions) between nucleon and anti-nucleon give rise to the nucleon
Cooper paring (tachyonic bound state) which changes the vacuum from the original
(free) one into the true one having no manifest symmetry. There also was predicted
a scalar nucleon composite, the ¢ meson, with the physical mass ~ 2my. Before
advent of the concept of SSB, low energy hadron physics was well described by the
effective theory of Gell-Mann-Levy (GL) linear sigma model?) with the explicit sigma
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meson, which was simply assumed to have negative mass squared at Lagrangian level.
Actually, the GL linear sigma model Lagrangian is a model formally equivalent to
the SM Higgs Lagrangian, with the Higgs boson being the counterpart of the sigma
meson.

The most straightforward realization of the Nambu’s work in the context of
modern particle physics is the top quark condensate model (“Top-mode Standard
Model”)5)’7) where the role of the nucleon is simply replaced by the top quark , this
time formulated in the gauged Nambu-Jona-Lasinio (NJL) model with the SM gauge
interactions in addition to the four-fermion interactions among the top quarks. The
composite Higgs boson as a ft bound state has mass My ~ v/2m; characteristic
to the gauged NJL model at 1/N, leading order in contrast to My = 2m; which
would have been obtained in the NJL model without gauge interactions. Including
subleading 1/N, effects yields My ~ 1.1 m:") for A = 10'-19GeV, although the top
mass prediction is rather too high m; 2 220 GeV. Now the questions: What is the
origin of the four-fermion interactions? How can we get a realistic top quark mass
m; ~ 172 GeV in a natural way?

Back to the history, the Nambu’s theory for the origin of mass of nucleon (then
the “elementary particle”) was later developed into DSB in the underlying micro-
scopic theory, QCD, where the gluonic attractive forces again generate the Cooper
paring of quark and antiquark (instead of nucleon and anti-nucleon), the quark con-
densate (gq), which then gives rise to the BCS instability and the dynamical mass
of quarks: Pions are now composites of quarks instead of nucleons. Hence Nambu’s
idea was established in a deeper level of matter. Several variants of the top quark
condensate were proposed in the context of gauge theory (“topcolor”)s) instead of
the NJL-type four-fermion interactions. The correct top mass m; ~ 175 GeV can
be arranged in the variants of topcolor with extra dimensions, which tend to yield
similar composite Higgs mass My ~ 1.1m; ~ 180 — 190 GeV for A ~ 102 TeV.(see
e.g.g)). At any rate generic feature of the top quark condensate is

A4}{ ;z my . (0'1)

More radically, Technicolor (TC)'?) is an attractive idea to account for the Origin
of Mass without introducing ad hoc Higgs boson and tachyonic mass parameter:
The mass arises dynamically from the condensate of the techni-fermion and the anti
techni-fermion pair (T'T') which is triggered by the attractive gauge forces between
the pair analogously to the quark-antiquark condensate (Gg) in QCD. As in the
QCD with the ideal mass quarks the theory has no mass scale (scale-invariant) at
classical level, while the mass scale arises in the quantum theory like Agcp in a
very sophisticated way due to the scale anomaly reflected in the running of the
gauge coupling (“dimensional transmutation”). All the mass in TC would pick up
this mass scale, analogue of Aqcp, through dynamics. For the TC with SU(Ntc)
gauge symmetry and Ny flavors (N /2 weak doublets) of techni-fermions, the techni-
pion decay constant Fr = (H)/+/Ny/2 corresponds to the pion decay constant fr ~
93 MeV in QCD, and hence the TC may be a scale-up of QCD by the factor Fy/ fr ~
2650/+/N/2. Then the mass scale of the condensate A, = (—(TT)/Ntc)'/? as the
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Origin of Mass may be estimated as
—(Ggg\'"? F. /N N./Ntc\ /2
Ay~ {ag)  Fr/vNtc ~ 450 GeV - Ne/Nrc 7 (0-2)
N, fr/V/Ne Ny/2

where we have used a typical value (—(Gq))'/3 ~ 250 MeV (N, = 3).

The original version of TC, just a simple scale-up of QCD, however, is plagued
by the notorious problems: Excessive flavor-changing neutral currents (FCNCs),
and excessive oblique corrections of (1) to the Peskin-Takeuchi S parameter!?)
compared with the typical experimental bound about 0.1.

The FCNC problem was resolved long time ago by the TC based on the near
conformal gauge dynamics with v, ~ 1,314 with almost non-running (conformal)
gauge coupling, based on the pioneering work by Maskawa and Nakajima'") who
discovered non-zero critical coupling, ac(# 0), for the SxSB to occur. Such a large
anomalous dimension makes the condensate enhanced by the mass renormalization
Zob = (AJA ) (TT) 4 = Z;)(TT), ') where A is the higher scale, typically the
Extended TC (ETC) scale Agtc, responsible for the mass of quarks/leptons and the
excessive FCNC’s. (For reviews see Ref.’0) and!).

In addition to solving the FCNC problem, the theory made a definite prediction
of “Techni-dilaton (TD)”,') a composite Higgs as a pseudo Nambu-Goldstone (NG)
boson of the scale symmetry which is broken spontaneously and explicitly by the
dynamical generation of the mass of techni-fermions m (~ A,), even though the
gauge coupling is nonrunning (conformal). The mass of TD should be of order
O(m) or less, although the scale symmetry is explicitly broken also by the higher
scale, Agrc (> m).

We also found'®) even larger anomalous dimension 1 < v, < 2 in the gauged
Nambu-Jona-Lasinio (NJL) model (gauge theory plus chiral-invariant four-fermion
interaction),lg) based on the explicit solution??) of the ladder SD equation for the
gauge coupling weaker than the critical coupling o < ar . Such a large anomalous
dimension may be useful??) for the strong coupling ETC models which develop even
stronger enhancement of the condensate than the conformal/scale-invariant gauge
dynamics alone. The model has potentiality to accommodate mass of the top quark
in the ETC framework (See e.g., Ref.m)). There also exists a composite Higgs boson
in this type of model, which resembles the TD for the non-running gauge coupling
even though the scale symmetry is explicitly broken by the four-fermion interaction
characterized by the scale of ETC, Agpc. The mass was estimated as

My ~2m, (0-3)

in the limit Agrc > m. For the typical one-family model this implies My =~
500 GeV. Actually, the composite Higgs of this model can be identified with the
TD itself at o = ag,, since the four-fermion interactions can be regarded as induced
interactions by the conformal/scale-invariant TC dynamics with non-running gauge
coupling at o = ., where the anomalous dimension becomes v, = 1, so that the
four-fermion operators become marginal with dimension d = 2(3 — ,,) = 4.1

In this talk I describe composite Higgs boson in various models of dynamical
symmetry breaking with large anomalous dimension (see Ref.'?) for basis and classics
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before 1996), namely a class of composite Higgs models based on the conformal /scale-
invariant gauge dynamics having large anomalous dimension characteristic to the
conformal UV/IR fixed point.

Particular focus will be placed on the techni-dilaton (TD) in the conformal /scale-
invariant TC dynamics in its modern version,?? 24 which is based on the Caswell-
Banks-Zaks (CBZ) infrared (IR) fixed point,?® o, = a.(Ny, Nrc), in the two-loop
beta function for the number of massless flavors N (< 11Ntc/2) larger than a certain
number N7 (> Nrc). See Fig. 1 and later discussions. Due to the IR fixed point

III I

0 p=m p=A=Axc log(u/A)?

Fig. 1. The beta function and «(u) for conformal/scale-invarinat TC.

the coupling is almost non-running (conformal) all the way up to the intrinsic scale
Apc which is generated by the the scale anomaly associated with the (two-loop)
running of the coupling analogously to Aqcp. For i > Arc (Region I of Fig. 1) the
coupling no longer walks and runs similarly to that of QCD. When we set «, slightly
larger than a.., we have a condensate or the dynamical mass of the techni-fermion
m (~ A, ), much smaller than the intrinsic scale of the theory m < Arc. The CBZ-
IR fixed point a, actually disappears (then becoming would-be IR fixed point) at the
scale ;1 < m where the techni-fermions have acquired the mass m and get decoupled
from the beta function for u < m (Region III in Fig. 1). Nevertheless, the coupling
is still walking due to the remnant of the CBZ-IR fixed point conformality in a wide
region m < p < Apc (Region IT in Fig. 1). The theory acts like the conformal/scale-
invariant TC'3) 1% : It develops a large anomalous dimension 7, ~ 1 for the almost
non-running coupling in the Region II 2324 Here Apc plays a role of cutoff A
identified with the ETC scale: Apc = A = Ag7c.

I argue’ *) that in contrast to the simple QCD scale-up which is widely believed
to have no composite Higgs particle (“higgsless”), a salient feature of conformal/scle-
invariant TC is the conformality which manifests itself by the appearance of a com-
posite Higgs boson (“conformal Higgs”) as the Techni-dilaton (TD)'3) with mass My
relatively lighter than other techni-hadrons: My < M,, M,, --- = O(Ay) < Arc =
Agtc, where M,, My, --- denote the mass of techni-p, techni-a;, etc. This is con-
trasted to the QCD dynamics where there are no scalar bound states lighter than
others. Note that there is no idealized limit where the TD becomes exactly massless
to be a true NG boson, in sharp contrast to the chiral symmetry breaking. Scale
symmetry is always broken explicitly as well as spontaneously **) .

*) Preliminary discussions on the revival of the techni-dilaton'® were given in several talks.2
**) The straightforward calculations near the conformal edge indicated®® that there is no isolated
massless spectrum: Mu/Fr, Mu/M,,--- — const. # 0 even in the limit of o — aer (Ny — N§™)
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There are many issues for the walking/conformal TC; Existence of IR fixed
point and large anomalous dimension in non-SUSY gauge theories, critical number
of flavors of the conformal phase transition, mass of the composites in the walk-
ing/conformal TC, the S parameter, realistic model buildings, etc. These will be
dealt with in the lattice studies which are currently being done by various groups
including our group at KMI, Nagoya.

For the phenomenological purpose, 1 argue through several different calcula-
tions?%)27) that the techni-dilaton mass in the typical conformal/scale-invariant TC
models will be in the range:

my = 500 — 600 GeV, (0-4)

which is definitely larger than the SM Higgs bound but still within the discovery
region of the LHC experiments.

This work was supported by the JSPS Grant-in-Aid for Scientific Research (S)
# 22224003.
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The Past, Present and Future in Particle Physics

Tsutomu Yanagida (IPMU)

I consider that the state of particle physics is now very similar to that just before
the discovery of the J/W¥, roughly about 40 years ago. At that time, some of the
young people including myself were very much interested in the presence of quarks,
but never believed they would be found in the near future. Now, many of the young
people presenting here are very much interested in something beyond the standard
model, but they have doubts that they will actually see such new physics at the LHC
in the near future. In my talk, I gave my view on the history of particle physics from
the early 20th century to the present. This included the Large Number Hypothesis
by Eddington and by Dirac, the Cosmological Constant Problem first discussed by
Pauli etc. I showed the reason why I belive that new physics will appear soon, based
on my view on that history. Finally, I raised one crucial problem we face now, which
is "Why have new particles not been dicovered yet?”. I believe that an answer to

this question will be a very important clue to the properties of any new physics.
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Higgs mechanism without Higgs potential in an extra dimension

000000000 Boooo Cooooo A
0000 A000000 Boooo©

gobodoboboobobooboobboobooboobbooboobbobobooboobboobaann
gobooboobbooboobooboobbo200bb0o0obooboobobooboobOoobaon
000000000000000000000000D 10000000000 [1-3)00000000000
oboboooooooooooboobobooo 2000000000000 b0O0O0O0O0O0O0ObOOobOObOOn
gbooabooan

sgbooboobobobobbooboobooonag

L
* A * 2
s= [ds [ dy[ow.0)@0,+ 8 - M)B(ay) - 5 (¥ @y)ey) | 1)
0
Joodobobobooooooobbbbooooobbobbooo

{ ®(z,0) + L4 0y®(z,0) =0, (—o0 < Ly < +00) (2)

®(x,L) — L_0,®(x, L) = 0.

O000000000000000Kalwza-Klein(KK)DOOODOOOOOOOOOO 200000000000
gbooooob 400000000000 0O00DO0O0O0OOCODOOOOOOODOOOOODOODbOOn

(I)(Q?,y) = Z@n(w)fn(y)a (3)
DDDDfn(y)DDDDDDDDD (—533)DDDDDDDDDDDDDDDDDDDDDDDDDDDDD
{ Fa(0) + L8, £ (0) = 0,

fu(L) = L_8,fn(L) = 0.

obooobO40000000000C0O0O00O000O0O00DOO0

Via(pn) = Y (Bn + M?)|pn()]® + (quartic term), (6)

n

000000000000 (500004 0000000000000000000000000000000
Ep + M? <0, (7)

O00oooKKOOOOooooooooooooooooooooooooooooooooooobooooo
gobooboaobbooboobbooboabbooboobooboobbooboobooboboaann
goboobooobooboobooboboobooboobooon

0Oooo
[1] M.Reed, B.Simon, in: Methods of Modern Mathematical Physics, vol. II, Academic Press, New York, 1980.
2] P.Seba, Czech. J.Phys. 36(1986)667.

[3] S.Albeverio, F.Gesztesy, R.Hgegh-Krohn, H.Holden, Solvable Models in Quantum Mechanics, Springer, New
York, 1988.



Soryushiron Kenkyu

(Extra)Ordinary Gauge/Anomaly Mediation*
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Masses of dark matter and neutrino from TeV scale spontaneous
U(1)p-r breaking

Shinya Kanemura (Department of Physics, University of Toyama)
Osamu Seto ! (Department of Architecture and Building Engineering, Hokkai-Gakuen University)
Takashi Shimomura (Yukawa Institute for Theoretical Physics, Kyoto University)

The standard model (SM) of particle physics has been sucessful for years. However, several
phenomena that cannot be explained by the SM have been established experimentally. First, neutrino
oscillation experiments have clarified that neutrinos have tiny masses, which are much lower than the
electroweak scale. Second, a lot of astrophysical and cosmological observations convince the presence
of dark matter. In a class of the radiative seesaw models with right-handed (RH) neutrinos [1, 2, 3]
to explain nonvanishing neutrino masses, Z» parity is imposed to RN neutrinos and newly introduced
particles to forbid the Yukawa coupling for neutrinos at tree-level. The Zs parity also plays a role to
stabilize the dark matter candidate.

We propose a simple testable model with mass generation mechanisms for dark matter and neu-
trino based on the gauged U(1)p_; symmetry and an exact Zy parity [4]. The particle properties

under these symmetries are summarized in Table. 1. The U(1)p_1 gauge symmetry is broken at

Q' dé% u}é L e}é o n S Npg
SUB)c | 3 3 3 1 1 1 1 1 1
SUQ2)w | 2 1 1 2 1 2 2 1 1
Uly |1/6 —-1/3 +2/3 1/2 -1 1/2|1/2 0 0
Ul |1/3 1/3 1/3 -1 -1 0 0o +2 -1
Z2 + + + + + + | - 4+ -

Table 1: Particle properties.

the TeV scale, then Z3-odd right-handed neutrinos acquire Majorana masses of the electroweak scale.
Resulting lepton number violation is transmitted to the left-handed neutrinos Vi via the loop-induced
dimension-six operator. Consequently, the tiny masses of /¢ can be generated without excessive small
coupling constants.

The lightest RH neutrino is a dark matter candidate, whose stability is guaranteed by the Z5 parity.
The observed dark matter abundance can be reproduced by the pair annihilation via the s-channel
scalar exchange due to mixing of neutral components of the Higgs doublet ® and the additional scalar
singlet with the B — L charge S.

The phenomenological predictions of this model can be tested at collider experiments as well as
flavor experiments through, e.g., two light neutral Higgs bosons with large mixing, invisible decays of
the Higgs bosons as well as the B — L gauge boson, and lepton flavor violation.
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Constraints from Unrealistic Vacua in NMSSM
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We study constraints to avoid deep unrealistic minima in the next-to-minimal supersymmetric standard model
(NMSSM) [1]. NMSSM is an extended model of the minimal supersymmetric standard model (MSSM)[2]. In the
NMSSM, a gauge siglet scalar field is added to MSSM in order to solve the so-called p problem which is unnaturalness
of a scale with a dimensionful parameter p in the Higgs potential of MSSM . Since the Higgs potential of the NMSSM
is consist of three Higgs fields Hy, Hy and S, there are some unrealistic minima deeper than the electroweak symmetry
breaking (EWSB) vacuum in the Higgs potential, in contrast to the situation with the MSSM. We analyze the Higgs
potential along directions where all of and one of the three Higgs fields develop their vacuum expectation values
(VEV’s).

Since these unrealistic minima threaten the realization of
the successful EWSB, the realistic vacuum Vi,;, should be

deeper than these unrealistic minima. Then necessary condi- FIG. 1: Input parameters
tions to avoid these minima result in constraints of parame- tan B Ay (GeV) A, (GeV) = \s (GeV)
ters.

3 200 -200 110

We can classify the directions with the unrealistic minima
based on a kind of Higgs fields with VEVs. When two scalar
fields in the Higgs potential develop the VEV’s, the Higgs po-
tential becomes always unstable, because the Higgs potential
of the remaining one scalar field has a tadpole term arising
from the trilinear term with Hy, Hy and S. Therefore the
directions we have to examine are H; = Hy # 0 and S # 0, =
Hy # 0 and S # 0 directions. According to these directions,
the minima of the potential have to satisfy the conditions;

VIS > Vi, V2 > Vi and Vi, > Vigin.

When we give a constraints on the parameters of the scalar
potential from the theoretical point of view, there are also two
ways in addition to above conditions [3]. One of them is a
requirement that the Higgs bosons have no tachyonic masses.

The other one is the consideration of Landau pole. From
these constraints, allowed region of the parameter space is FIG. 2: The filled regions are excluded by the theoret-
determined according to input parameters. ical conditions. Excluded region by the Landau pole is

As one example of the numerical analysis, we show the outside of the curve.
exclude region of the A — k plane in the figure 2 for the pa-
rameter space of table 1. We find that a wide and significant region of the parameter space, especially large A, is
ruled out by our constraints.
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Direct Gauge Mediation of Uplifted Metastable Supersymmetry
Breaking in Supergravity
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Direct Detection of Vector Dark Matter *
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Dark Matter Abundance in Inert Triplet Mode

Keiko I. Nagao' (National Tsing Hua University)

In this work, we study the possibility of dark matter in the inert triplet model (ITM). We
introduce Y=0 or 2 triplet scalar T to the standard model. Assuming Zs parity, the neutral
components of T can be good dark matter candidate.

First we review the Y=0 I'TM. Introducing Y=0 triplet scalar which has the neutral compo-
nent 70 and charged components TF, the Higgs potential is

V(H,T) = m>H'H + M2t [T + M\ |HVH|? + Ao (te[T2])° + \s HT Hox[T?). (1)

Note that the relevant coupling to the calculation of the relic abundance is only A3 since other
terms has no relation to the dark matter annihilation. The relic abundance of this model is
shown in the left figure of Fig. 1. We can see that the relic abundance agrees with the WMAP
constraint for mg, 2 5.4TeV. In the small |A3| region, the dominant interaction is gauge
interaction, while in the large |A3| region, the dominate one comes from the Higgs potential.
We also checked the direct detection constraint, and found that the spin-independent (SI) cross
section satisfies the current experimental bound in most of the region.

Let us move to the case for Y=2. We introduce Y=2 triplet scalar T, which has the neutral
component 77, the singly charged component 7+ and the charged component 77+, The Higgs
potential of this model is

2
V(H,T) = m2H'H + M2*[TTT] + M| HH[? + Mate[TTTTIT] + 2g (tr[TT T])
NMHTH [TV + N HITTTH . (2)

The relic abundance agrees with WMAP for mq, > 2TeV, since the coannihilation of 70 and

charged components is not so effective compared to Y=0 case. However, the SI cross section on
the direct detection is enhanced due to Z-T0-T° coupling, and most of the region is excluded by
the experimental bound.

Logll A3[]
Log(|A5]

0 2000 4000 6OOrCT)WO[GeV]

-1L ‘ ‘ ‘
0 2000 4000 6000
mTo[

GeV]

Figure 1: Relic abundance for Y=0 (left) and Y=2 (right). White, gray, and black regions show
where the relic abundance is smaller than, same as, and larger than WMAP constraint. We
calculated with MicrOMEGAs 2.4 [2].
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Mass Spectrum Dependence of Higgs-mediated pu-e Transition in the MSSM

University of Tokyo  Masaki Jung Soo Yang
e-mail : yang@eken.phys.nagoya-u.ac.jp

In the supersymmetric (SUSY) framework, the charged lepton-flavor violation (cLFV) is induced by
misalignment between lepton and slepton, originated from SUSY-breaking terms (we call these effects
gaugino-mediated contribution). Moreover it is well known that non-holomorphic correction by SUSY-
breaking effect induces additional flavor violation in the Higgs sector (we call these effects Higgs-mediated
contribution). Branching ratios for the cLFV processes due to the gaugino-mediated contribution are
suppressed by typical mass scale of the SUSY particles Msysy, since the effective dipole interaction is
dominant in the cLFV processes. On the other hand, since the Higgs-mediated effects are not suppressed
by Msusy, these contribution to the processes could be sizable when Mgygy is much greater than TeV
scale. The branching ratio of p-e conversion in nuclei is more sensitive to the Higgs-mediated contribution.
Indeed, the ratio of branching ratio for 4 — ey and p-e conversion in nuclei is a good observable to
constrain mass spectrum in the MSSM, since it is sensitive to whether the gaugino-mediated or Higgs-
mediated contribution is dominant.

In the previous study[1], we have discussed these non-decoupling pu - e transition effects by Higgs-
mediated contribution in the MSSM, when some SUSY mass parameters are much greater than TeV. It
is assumed that the only left-handed sleptons have flavor-mixing terms. In the case all SUSY particles
are degenerate, with a common mass Mgygy at weak scale, we have obtained that Higgs- and gaugino-
mediated dipole amplitudes become comparable to each other when Mgysy/m 0 ~ 50. However, these
assumptions are not always robust. This common mass approximation is too crude, and SUSY parti-
cles might be large splitting spectrum. Furthermore, if right-handed sleptons have flavor-mixing terms,
gaugino-mediated contributions receive destructive interference and Higgs-mediated contribution might
be dominant although Mgysy is not so large.

Therefore, in this study[2], we promote the previous analysis more precise form. We research these
non-decoupling cLFV effects, in some SUSY mass spectra and flavor-violation sources of the MSSM. In
order to treat CP-odd Higgs mass m 4o as a free parameter, we relax universality of scalar soft masses
myo for the MSSM Higgs multiplets. This model is called the non-universal Higgs mass model (NUHM),
which is a generalization of the mSUGRA model. As flavor-violation sources, we assume the only left- or
right-handed sleptons have flavor-mixing mass terms. These setups are realized in the SUSY seesaw and
pure SUSY SU(5) GUT models, respectively. We do not treat Higgs-mediated LFV effects from the left-
right sleptons mixing because it is suppressed by factor v/Mgsusy, by consequence of gauge invariance.
If both Higgs-mediated and ordinary SUSY contribution are significant, the ratio of branching ratios
BR(u — ev)/BR(pAl — eAl) becomes sensitive to SUSY mass parameters. We investigated these mass-
sensitive regions and the behavior of the ratio BR(u — e7)/BR(uAl — eAl) in some mass spectrum of
the NUHM.

As a result, in the case that sleptons are much heavier than charginos, c.f. split SUSY models, we
found that the ratio drastically depends on the mass spectrum structure and chirality of flavor violation.
Log factor from two split mass scale influences the way of interference between gaugino- and Higgs-
mediated contributions significantly. However, the previous result is roughly reproduced when SUSY
particle masses are same order. Moreover, when only right-handed sleptons have flavor-violation, there
are some Higgs-dominant region although Mgysy is not large because of cancellation in the gaugino-
mediated contribution.
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B — L genesis from the extended SU(5) GUT !
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D%-D° Mixing in Gauge-Higgs Unification'

Department of Physics, Kobe University Nobuaki Kurahashi
E-mail: 075s112s@stu.kobe-u.ac.jp

We discussed flavor mixing and resulting Flavor Changing Neutral Current (FCNC) process
in the SU(3) ® SU(3)color gauge-Higgs unification. As the FCNC process we calculate the rate
of D° — DY mixing due to the exchange of non-zero Kaluza-Klein gluons at the tree level.

Flavor mixing is argued to be realized by the interplay between bulk masses and brane-
localized masses. Similarly to the well-known GIM mechanism, the amplitude of the FCNC
process is handled by the squared mass differences of quarks. By comparing our prediction on the
mass difference of neutral D meson with the recent experimental data we obtain a lower bound
on the compactification scale of order O(TeV). The obtained bound is much milder than what
we naively expect assuming only the decoupling of non-zero Kaluza-Klein gluons. The reason
is attributed to the automatic suppression mechanism of FCNC for light quarks, specific to the
gauge-Higgs unification model. We point out that there are two types of suppression mechanism,

one of which realizes exponential suppression and may be called GIM-like mechanism.

!This talk is based on the work with Y. Adachi, C. S. Lim and N. Maru, arXiv: hep-ph/1103.5980.
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Constraints on LFV interaction from leptonic decays of
pseudoscalar mesons in MSSM without R-parity
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Unitarity and BRST invariance in Dirichlet Higgs Model

Department of Physics, Kobe University Kenji Nishiwaki

E-mail: nishiken137@g-mail.com

A new type of five dimensional phenomenological model on an interval have been discussed in various
point of view [1, 2, 3, 4, 5]. When we consider bulk Higgs field on an interval extra dimension, Higgs
profile have interesting properties, for example, top Yukawa deviation in single Higgs doublet model [1]
and realization of electroweak symmetry breaking with its boundary conditions [1, 2]. In this work, we
discuss the simplest case of no Higgs bulk potential, in which electroweak symmetry breaking is only
realized by the Dirichlet boundary condition of Higgs. We name this model Dirichlet Higgs model.

In this setup, Higgs can have a constant vacuum expectation value and its zero mode is missing. The
first Kaluza-Klein mode of Higgs works as a “Higgs imposter” and its collider physics is considered to be
fruitful. But some worriments exist in this type of theory. One of these is tree-level perturbative unitarity
without the Standard Model Higgs. We showed that tree-level unitarization is realized in 2W; — 2W,
process by Kaluza-Klein Higgs modes (H (”)) with exact calculation [4]. The total amplitude describing
this process becomes

My = — % (ﬁ+ VT~ cos 9) +O(s°). (1)
We have found the growing amplitude with energy M o /s after summing over infinite KK modes, which
is suggested by naive dimensional analysis as M"V¢ ~ ¢2,/s: g is the five-dimensional gauge coupling
and have mass dimension [g] = —1/2. By use of the result for KK scales favored by the electroweak
precision data within 90% CL: Mkxk = 430-500 GeV [2], we get cutoff scales of Dirichlet Higgs model
A =6.7-5.7TeV by J = 0 partial wave unitarity analysis, which are well beyond the corresponding KK
scales, at least ten KK modes being within tree-level unitarity range.

W+ W W+ W
|
- —— H(”) |
H™ m
W W+ W W

Figure 1: s and t-channel KK Higgs (H (")) exchange diagrams, where n > 0 is odd.

We also discuss the BRST symmetry in this theory. We should elucidate the property of inelastic
scattering processes and equivalence theorem in this theory in the following study. This presentation is
based on a collaboration with Prof. Kin-ya Oda (Osaka Univ.).
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Higgs Portal to Visible Supersymmetry Breaking

Lin collaboration with Izawa K.-I.1'? and Yuichiro Nakai!,

Takashi Shimomura
Y Yukawa Institute for Theoretical Physics, Kyoto University,

2 Institute for the Physics and Mathematics of the Universe, University of Tokyo

Low-scale supersymmetry (SUSY) is the most attractive new physics beyond the standard
model. Once SUSY is found, a next question to be answered must be "where SUSY is broken
and how it is mediated to the visible sector”. In general a hidden sector and gravity/gauge
interactions are assumed for the SUSY breaking and a mediation. However, such simple
scenarios suffers the so-called little hierarchy problem, which introduce another hierarchy to
solve the hierarchy. Thus, it is worthwhile to study another scenarios for the SUSY breaking.

In this work, we propose a supersymmetric standard model (SSM) whose Higgs sector
induces a spontaneous supersymmetry breaking by itself, which we call ”visible SUSY break-
ing”!. In our model, new chiral multiplets, Xy, X; and Xs, are introduced as well as U(1)g
symmetry (Table 1). Because of U(1)g symmetry, the supersymmetric higgs mass is forbid-
den, instead linear and trilinear terms as well as mixing terms of X, and H, 4 are allowed
in the superpotential, i.e. W = Xo(f + NH,Hy) + mi1 X1 H, + meXoHy. Without the soft
SUSY breaking terms and gauged symmetries, we can find a minimum on which the higgses
develop vev’s while X’s do not. On such minimum, not only the electroweak symmetry but
also supersymmetry are spontaneously broken in the higgs sector. This is the visible SUSY
breaking and it can be observed through the higgs sector. The similar minimum is in fact
found with the soft SUSY breaking terms and D-terms. Due to the visible SUSY breaking,
the Higgs acquires extra contributions to its mass. Then, the current experimental bound on
the higgs mass can be evaded even at the tree-level without the help of heavy superpartners
(Figure 1). This means that we do not need heavy superpartners and therefore there is no
little hierarchy problem.

Another interesting feature of the visible SUSY breaking is the existence of a pseudo-
goldstino. Since SUSY is broken at two different sector, we have two goldstinos of which the
one is eaten by gravitino and the other remains pseudo-goldsitino. The pseudo-goldstino is
a clear evidence of a multiple SUSY breaking and its interactions with the higgses will lead
dramatical changes in decays of the higgs. Such invisible decays will be explored by the LHC
or ILC experiments.

140 T T T T T T T

Our model
SU 2)L U(l)y U(l)R 120 | LEP bound

Xo 1 0 2 100

X4 2 —1/2 2 E 80

X5 2 1/2 2 < 60

H, | 2 12 0 S

Hy 2 —1/2 0 2
Table 1: The charge assignments of the Higgs 0 S S S—
sector fields under the EW symmetry and 100150 200 25’3%3(%)9\/?50 400450 500
U(1)r symmetry. Figure 1: The mass of the lighter Higgs as a

function of m 40.

IDetails and all references are found in Izawa, K-I, Y. Nakai and T. Shimomura, JHEP 1103:007,2011.
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S, Flavor Twisting and Large Neutrino Mixing
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Constraint on RPVMSSM at the one-loop level from P-, CP-odd

e-N interaction

RBCRFARABEBEIZERE b RPN, b, ZERE5A

There are some phenomena which are difficult to explain in the standard model (SM) of particle
physics, such as the matter abundance of our Universe. We need then a new physics (NP) beyond
the SM to explain them. Among the NP candidates, the supersymmetric extension of the SM, the
minimal supersymmetric standard model (MSSM) is the most leading. The supersymmetric extension
of the SM allows baryon / lepton number violating interactions, so we must impose the R-parity to
forbid them. This assumption is however ad hoc, and we must investigate the violation of R-parity
phenomenologically [1]. The electric dipole moment (EDM) of '?’Hg atom is an efficient observ-
able to probe NP, being sensitive to the violation of parity and time-reversal symmetry. The current
experimental data of the '°°Hg atom EDM are very accurate (dpg < 3.1 X 10~ e cm) [2]. The
SM contribution to the "Hg atom EDM is known to be small, which renders it an excellent probe
of NP. The R-parity violating (RPV) interactions contribute to the '’Hg atom EDM via P-, CP-odd
electron-nucleon (PVCPV e-N) interaction. Our object of study is to investigate the constraint to the
RPV interactions from the 'Hg atom EDM via PVCPV e-N interaction at the one-loop level. At the
one-loop level, there are two diagrams contributing to the PVCPV e-N interaction within RPVMSSM,
as shown in Fig 1. Through the hadron level calculation, we obtain the effective PVCPV e-N inter-
action Hepy = C]SVPNNEiy5e + CESN iysNee. The atomic wave function of the 199Hg atom was calcu-
lated within the relativistic coupled-cluster approach in Ref. [3], and limits to the PVCPV e-N interac-
tions were given from the current experimental data of the '*Hg atom EDM. By comparing the RPV
contribution to the PVCPV e-N interaction with these limits, we obtain limits to the RPV couplings.
If we adopt the single coupling dominance hypothesis, we obtain the

following limits to the imaginary parts of the RPV couplings: . Ve .
Im(A%, )l < 1x107°, gL_i .
Im(A%, )l < 9% 1075, 7
Mm(, )l < 9x 1075, o o

% ’ -3 Ve
Mm(A};, 5, < 2x 1077, . _)____V____’_)_ .

DO\

with i = 2, 3. These limits give tighter constraints than other experi-

€ D X
=
U, b
mental data known up to now. P BT AV,

. 1: Contributing one-loop dia-
§%Kﬁk grams : "
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Gauge Mediation at Early Stage LHC
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Supersymmetric (SUSY) standard models (SSM) are leading candidates for physics be-
yond the standard model. Among them, the most conventional scenario is gravity me-
diation scenario in which the lightest SUSY particle (LSP) is a neutralino dark mat-
ter. The most promising search for this scenario at the LHC is based on multi-jets and
large missing energy which comes from non-detectable LSP neutralinos. Although, this
scenario is attractive from the viewpoint of the dark matter, it suffers from the flavor-
changing neutral-current (FCNC) problem in the SUSY standard model. This is because
non-renormalizable operators at the Planck scale are relevant for generating the flavor
violating soft masses, whose size are naively expected to be order of the gravitino mass
ﬂlg/g.

On the other hand, gauge-mediated SUSY breaking (GMSB) models are very attrac-
tive, since those models are naturally free from the FCNC problem. This is because the
gravitino mass is much smaller than the SSM soft masses in GMSB models, and thus the
flavor violating soft masses are suppressed. In this scenario, the LSP is the gravitino G /2-
The LHC signatures can be drastically changed, depending on the gravitino mass and a
type of the next lightest SUSY particle (NLSP). In many cases, the LHC signatures very
different from the standard model backgrounds. Thus it is possible to test the signals at
early stage of the LHC.

The NLSP decays into a gravitino. The decay length of the NLSP strongly depends
on the gravitino mass:

msg/2\2 / mnrsp \ °
~20 m (722 ( ) !
er~ 20\ 75 ) 100 Gev (1)

As for the type of the NLSP, most of GMSB models predict a slepton ¢ or bino B NLSP,
since their gauge interaction strength is weak. The main decay modes are 0 — 0+ Gy /2
and B — v/ Z + G /2. The collider signatures are changed depending on the decay length
of the NLSP.

First, we discuss the case that the decay length of the NLSP is much longer than the
detector size. In this case, if the bino is the NLSP, the collider signature is just same as
the gravity mediation case, namely, multi-jets and large missing energy which comes from
the escaping binos. On the other hand, in the slepton NLSP case, stable massive charged
particles are observed. This signal is almost free from the standard model background.
By measuring velocity and momentum of the charged track, we can reconstruct the mass
of the slepton NLSP. In addition, some of slepton NLSP may have small momentum and

Lsshirai@post.kek.jp
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are trapped inside of the detector. By measuring the decay of the trapped slepton, we
can study the lifetime and decay mode of the slepton NLSP [1, 2].

Then let us consider the case that the decay length of the NLSP is shorter than the
detector size O(m) and larger than the detector resolution @(100) pm. In both bino and
slepton NLSP cases, it is possible to reconstruct the displaced vertex from the decay of
the NLSP. ? By observing these displaced vertexes, we can measure the lifetime of the
NLSP, in other words, the gravitino mass.

Finally, we discuss the case the NLSP decay length is smaller than O(100) pm, namely
mgse < O(1) eV. This scenario is very attractive, since it free not only from the FCNC
problem but also from the cosmological gravitino problems. However, it is very difficult to
construct models which can realize that the SSM gaugino masses are large O(100) GeV,
without confliction with stability of SUSY broken vacuum [3]. Therefore, there is strong
upper-bound on the SSM gaugino masses. In addition, owing to high energy photons and
leptons from the NLSP decays, there are very tiny standard model background. Thus
is it possible to discover/exclude the GMSB models with mg/, < O(1) eV at very early
stage of the LHC [4, 5].
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2As for the Bino NLSP case, charged tracks from the Z boson decay are required to reconstruct the
displaced vertex.
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SUSY Model Discrimination at an Early Stage at the LHC
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Threshold production of gluino pair
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Yukawaon Model with Two Family Symmetries
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Discovery of minimal UED at the LHC
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Phenomenology in the Zee Model with the A, Symmetry
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Finite quantum corrections to neutrino mixing

Takeshi Araki
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The present data of neutrino oscillation experiments
can be described by the Tri-Bimaximal (TB) mixing
ansatz; on the other hand, however, the data also suggest
a small deviation from the TB mixing. In this presenta-
tion, we conjecture that the TB mixing is exact only at
the tree level, and the full Maki-Nakagawa-Sakata (MNS)
mixing matrix arises from finite radiative corrections.

We assume the following tree-level Majorana neutrino
mass matrix:

4 —2 -2
ip
Mo M Dy g
6 \ 21 1
w (111 00 0
22 a0 1)
3 \111 2\0-1 1

in the diagonal and real basis of charged leptons: m, =
Diag(me, m,, m;). Note that M is diagonalized by the
TB mixing matrix, and p and o are the Majorana CP-
violating phases. For this setup, we introduce a one-loop
mass matrix which is given by

MOmj +mj M)

AM, = _

loop

. x ['°°P, (2)
where v ~ 246 GeV and I'°°P denotes a dimensionless
function from the loop integral. The MNS matrix can
be obtained by diagonalizing the full neutrino mass ma-
trix: M, = M2 + AM,,. By regarding AM, as a small
perturbation to M?, we can approximately express three
mixing angles as follows

2 ip io
S0 b ~ I mZI|mg+mee”  mg+mye Jloop
137 3,/2 02 —myer  Mme — m,el’ ’
1 3 2
2 P 0
tan 0 ’ -m; [m3 +mye 53 + M€ ] fiop
23 — 2 _ i _ io )
3v m3 mle P Mg — Mye
m2 mye'® + m, e
2 1 loop
tan by = \f‘ 202 myem — el | ®)
1

where we have simply assumed m; = \;. We see that the
quantum effects depend crucially on the degeneracy of
neutrino masses. In view of Am3; < Am3,, we conclude
that 6, is in general more sensitive to the effects than
013 and 023.

We numerically illustrate the quantum effects on
012 with the observed charged lepton masses: m, =
0.486 MeV, m,, = 102.718 MeV and m_ = 1746.24 MeV,
and the best-fit values of two neutrino mass-squared dif-
ferences with the 1o errors: Am3, = (7.59 & 0.20) x
1075 eV? and Am3; = (2.46+0.12) x 103 eV, In addi-
tion, a relatively generous upper limit on the sum of three
neutrino masses is m; + my + my < 1.19 eV extracted

FIG. 1. tan?6,, as a function of mg. Here the shaded area means
the whole allowed region with respect to |I'°°P| < 0.5 and the
dotted (or dashed) lines signify the 1o (or 30) bounds.

from current cosmological observational data. Assuming
|1'°°P| < 0.5 and allowing p and o to vary between 0° and
360°, we calculate tan? 6o and then plot our numerical
result in FIG. 1. Note that only the Am3, > 0 case is
taken into account because the result for the Am3; < 0
case is not very different. We observe that larger values of
mg give rise to larger radiative corrections to three mix-
ing angles. But only 65 is numerically appreciable. We
find | tan? fo3—1| < O(1073) and sin” 613 < O(107°), im-
plying that 655 and 6,5 are not very sensitive to the loop-
induced quantum effects. If a precision measurement of
neutrino oscillations establishes a significant deviation of
045 from 45° and (or) 6,4 from 0°, then the departure
from the TB mixing must mainly originate from a differ-
ent mechanism.

30
6,, [deg]

FIG. 2. 613 as a function of fa3 for I'°°P = 1 ~ 30 and 615 =
(34.4 £ 1.0)° in the normal hierarchy case.

But, the above conclusion is only valid for the case of
|I'°°P| < 1.0. In FIG. 2, we calculate 613 as a function
of O3 for I'°°P = 1 ~ 30 and 615 = (34.4 & 1.0)° in the
normal hierarchy case. As one can see, in this case, not
only 615 but also 6,3 and 63 can largely depart from the
TB values.
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Grand unified theory (GUT) has several attractive features such as the unification of the
forces and the matter fields in the (supersymmetric) standard model (SM). Among the models
of GUT, Eg unification is one of the most promising candidate because the assumption for
the Yukawa hierarchies can be derived with a reasonable setup. In this study, we examine
the relation between the structure of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and the
direction of the vecuum expectation value (VEV) of the Higgs fields which break the Fg gauge
group into the SM gauge group SU(3)c ® SU(2)r, @ U(1)y = Gsm.

To break the Eg gauge group, we introduce two pairs of (anti-)fundamental fields ® (®),

C (C) and an adjoint Higgs field A. Then we assume that the VEV of ® (®) breaks Fg(D
SO(10) ® U(1)y+) into SO(10) and C (C) breaks SO(10)(D SU(5) ® U(1)y) into SU(5). Since
an adjoint Higgs A must break SU(5) into Ggy, the VEV of the adjoint Higgs (A) can be
generally written as (A) = 2Qy + yQv + z2Qy, where Qx (X = V',V Y) stands for a generator
corresponding to the U(1)x charge. Note that z # 0 is needed to break SU(5).

The matter fields in the standard model can be embedded in the fundamental representations
W, with ¢ = 1,2,3. Then we can obtain the Yukawa interactions from the trilinear terms of the
fundamental fields: W = (Y3);; ¥;¥;® + (Y )i;¥;¥;C. Here, for economical reason, we assume
that the minimal supersymmetric SM (MSSM) Higgs fields come from ® and C. Note that
we have to introduce the higher dimensional interactions which include the adjoint Higgs A to
obtain the realistic structure of the Yukawa hierarchies. Therefore, the choice of the VEV of the
adjoint Higgs (A) is crucial for the derivation of the CKM matrix.

To illustlate the effect of the VEV of the adjoint Higgs, we construct a simple model of flavor
in Fg GUT and investigate the structure of CKM matrix in this model. The model is based on
a family symmetry SU(2)y and the spontaneous C'P violation, and the interaction terms which
contribute to the Yukawa matrices are written as follows:

0 U, (AV®) 0 0 (U, FO) (U FP) (U, F?)s3
U (AU?) (U F")? (W F) s | @+ | (U F) (U, F?) 0 0 C
0 (U, F)U3 W30y (U, F)s3 0 0

where we introduce a pair of SU(2)y doublet fields F, and F® (a = 1,2) which is responsible
for the breaking of the family symmetry SU(2)n, (F) = (0,vpe’®)T and (F) = (0,vr)T. With
this setup, we can determine the free parameters to produce the suitable size of the masses of
quarks and leptons. Then the CKM matrix elements can be roughly written as

I A (de+1)N3

Vekm ~ [ A1 2?2 + 0.

PR 1
Here A ~ 0.22 is the Cabibbo angle and € = y/z with (4) = 2Qy' +yQv + 2Qy. Now we can see
that the leading contribution to V,; vanishes if the VEV of the adjoint Higgs A is proportional
to the generator of U(1)p_p, i.e., ¢ = —1/4. Since the measured value for V,; is O(\*) rather
than O(A?), this result implies that the direction of the VEV of the adjoint Higgs is proportional
to U(1)p—r, in this model. On the other hand, this direction plays an important role in solving
the doublet-triplet splitting problem by Dimopoulos—Wilczek mechanism. This coincidence is
very interesting and suggestive for the GUT model building.
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Generating QCD amplitudes in the color-flow basis with MadGraph

LR

AR LHC 1B % TeV A7 — WVYIBLOBIAINELRZ T O TE TV 50, Z OEBFEROMBITICE W T E
EPEERRLA2TURRS R WRES % 200 EDICERFEISBRY S 2L —vary 7 s LMk
LT oNns, 20X BT T2 —var v r—Y 3% D 505, ZDHTH MadGraph/MadEvent
(MG/ME)[1] i3 EEHEROM T ICB WA bR TRy 7 =2 D—D2ThHh 5,

L2 L %536 MadGraph (1C1F, @2V X —RIGICBIS T 2 K708 (n) 2 Z % L BELIRIE DR
2 n! ICHHILT A THEZOFMESHEL < 22 &) MED S D, FrICKIRIEIC 6 K7D LB
59% QCD R (7v— F v #ZGRfEoga13 5 KL E) BEMESTE kv, BFRERE 2
EDOHLWYRERICIEIZD LI B%Y 2y PEBZFET2508%HH, ZoflRiE MG/ME @
FRTAREFEEREDODEOERoTWVS, ZORMEDMYIZIZ QCD % =y M KELEFE D IRIFGH
 SUB) #7—DRL TN BBETH ), T OREICID HATE 2, FEE LTI, @
WD QCD FHEICH W 545 Color Order 73Tl 7% <, X D&M 7% Color Flow 47 fif % F > CHLEL
RIE % A R O Color Flow RIEICHE L, Ho7 74 v= v ¥4 77 7 LDOFELD HRIFENICHELIR
2 515 T & % Off-shell Recursive Relation[2] @ Tz M L TIRIEGH R ORI Z M2 L v ) b DT
® %, Color Flow 71D FiEz w2 2 & T, RIBICEEG T 2R FDAH 7 —ZEE L BRICEHR L &1
RSB0 A 77T LDED Color Order FIRDE G & HRTH% L 0, FHEIRIELI NS [3),
A TlE, MG/ME ORAKDH| T
HHH L OYHEROHE)S S 21— F T T ]
va vk b X 9 I Recur- 10 =

sive Relation 17V — & v [F+EDH 0 3 gg > ng ]
HARRER S0 LT D AEA T 5, 10 e 3
COMR. fRESERETETa o ]

YRAINVTE Do 72 QCD WL IS
DEtE 71 75 L% Color Flow #i&IiE
TEIZTHEL a4 NTBE I ETE ]
FIATRBIC L 72, X112, RO THET 107 ¢ > ng 3
MadGraph |12 X - CEFE X 17z Il s ]
FLIRIE % b & 12T S e QUD e a3 E
DOEWIHEDEZ R T, SWHEDE: 105 | | | ]
BICB LTI T O H 7 —H, ~ 2 3 4 >
Y25 4 —Hl. Phase space By A E The number of jets

y%ﬁ]bﬂ%?ﬁ%ﬁﬁb)fiﬁﬁ:[/fco : - \'IHJ =] N * g N -
ns @ﬁ%%&iﬂﬁ@ﬁﬁ%“(%%h?‘:{ﬁ [4} 1: QCD m&@éﬁﬁlﬁhl&ﬁ@%o %‘Lﬁﬁfﬁfk}:z&ﬁﬁh@%{fk £oT

&;E\/_‘f‘ﬁn/m @E}E%@ﬁﬁf_ﬁt §+%ﬁ§ ﬂf‘:fﬁ’c\ %'fﬁﬁ%& @{ﬁk <:k < —‘ﬁl/‘(b)%o
T\Ww3%, MadGraph IZEIT5 5 =y
7V —F VEGELB R DR 21T o e DIEANIZEIW D TTH 5,

uu -> uu +(n-2)g

o (fb)

SE 3R

[1] J.Alwall, P.Demin, S.de Visscher, R.Frederix, M.Herquet, F.Maltoni, T.Plehn, D.L.Rainwaterd and
T.Stelzer, JHEP 0709, (2007) 028.

[2] F.A.Berends, W.T.Giele, Nucl. Phys. B306, 759 (1988).
[3] F.Maltoni, K.Paul, T.Stelzer, S.Willenbrock, Phys.Rev. D 67 (2003) 014026.

[4] K.Hagiwara, J.Kanzaki, N.Okamura, D.Rainwater, T.Stelzer, arXiv:0909.5257.



Soryushiron Kenkyu

Jooobobbgooooobugoooobnbod
guooooboogd

Oo0000 (ODoOoooo oono)

0000000000000 000oo0ooo«“0Dbo0o0’ogooooooo
0000000000000 OO00000000O0O0000000 “cooooooaraog
000000000000000000000160000000000 A, =(v,)000
D000D00000000 (1600000000 Ar=(1,01®1,187%8,101®7,)
0000000000000 00000D0O0O000000DoDoo00ArOO0DDOOOOn
O0o00o0o0O000000000000000 A,00000C000COO0O00O0O0O0O0O00
0000000000000 0000 Ar0000DOO0O0O000DODOO000

O00000000000000~0000000000000D0000000000O0
0000000000000 0000D0O0000D0O0000oOo000DoOooooDoagoDao
0000000000000 000000D0D0DOO000000000000000M “00
0000000000000 D0O000”’00000 ArDO0O0000O0OOO0O0O0DOOd
0000000000000 000O000000O000000o0ob0o0000n

000000000 I, =9®7%®7, (k=0,1,23) 000000 {I',,I', } =2n,[1 0
0oooo0oo0l/=1®l®lO000000 9,=(1,-1,-1,-1)0000000000
0o00o0o0oo0ooooooo Ar=(I',) 00000000 A, 00000D0O0O00O0OO T
00”’0000000000000000O0D0O0 “O000000000O0O0DOo0Og a2
0000000000 0000 Ar=A,00000000000D0O0O00000DO0OO0

00000000000 00000D0 A 000000 Cr={{a€ Ay :[a, ] =0}0
0000Cr =(7,®7®1,7,®1®,) 0000000Cr0 (16200000000
00000000 Ar = ArCr, ArNnCr=00000000000000O0O0O0OOODOO
000 crO000b00b00b00o0o0o00o0o0donOonColeman-Mandula theoremO O O
00000000d00o00oooooooooooooDoooOoODooDo0o00o0oOoOooOoOog
0JdddddddddodOoooooobooooo000ooOoOoooooooooog
000000000000000000000000O00OoOoOO (IFTy)/2000000
s =ilgILhlsls=—2u0y 00000000000 00000O0O0Cy 00O I'sOO00O
00000 A, ={lCrIsCr} 0000000000000000000 At = AcxAin,
AxNA,=(Is)00000000000000000O0O0O0O00OODOO0OOOOOO0OOO0
O0000000oon

0000 A, 0000000000000 0000D0DODOO0000DOOOO0O0O00OODOO
O0o00o0oooooo %DDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
000 “0000007’000000000000D0DOOOO000000O0DOOOOOO0d
0000000000000 SU4)00000000000000 Pati-Salam 00000
000000000000 bO000ooO00ooOo0oo0dDoOo0oooDoOoOooooag
0000000000000 000000O0000b0000oO000oo0o0ooooooo
0000000000 1)]000000o0ooo

[1] I. S. Sogami, Journal of Physics: Conf. Ser. 284 (2011) 012054



Soryushiron Kenkyu

Correlation between flavour violating decay of tau and long-lived
slepton in the coannihilation scenario with Seesaw mechanism

goooooooon ogooo
E-mail: yamanaka@cc.kyoto-su.ac.jp

0000000000000 0000o000U0LHCOODUODODODODOoO0D0ooDooDooooDooDoUoooo
dooooooooooooooooo* 10000 (2000000000000 DDO0ODOOOOOOD
goooooooogoobgoboboboooboooooobobobobobobooboooobog

>0

(2) 0 (b)

X1
[12’7‘3 7N'L lNaL
AMprrr  AMipar R &
___,-__@__4__@__*__ l~12’7~'R 7~'L ZNQL

1 1
re2 ] re2 re2
AII(?T - ‘]Ui‘r AII(?T - ‘]uiu 7y
la

0 1 Mass insertion Feynman diagrams. Figure (a) depicts the 2-body decays of the lightest slepton
in the presence of 67 ;. Figure (b) depicts radiative LFV tau decays, 7 — lo +, where a = e or p,
from the neutralino and the slepton loop contribution.

gogbooobooboooobooobooobooobboobboobbbooobboobboobboo
goboobodboobooobdooboooboobbooboobbobboobboobobo

2
7 ~ g
D = L+ ) = 72 m)lgful’, (a=ec, ) (1)
I
N P (TR Mg )
a — 2 \ 9672 cos Oy mlg tal] >
1
1 AM? Mg, Mg
L . - LRt La”" Rt
glal - 2 tan HW Mzi _ ME%. M]%%. _ Mzi (6211)0”'7 (3)
AMEQL P (3mg + A%) (y:f,L yl,) s
(5EL)QB = = o; ~ — = = & 5 L = log(MGUT/MRi)- (4)
MLQMLB 8W2MLQMLB

omO00D00D0D00000000D0OMLpnO0AM kR00000000000000O0O0D0D0O000O0OO
ooboooooboooobOoooboooOobOoOooboo0oOobOOoOobOoOoOooOoOoOoOoboOoOooOoOoOobOboOoOoooon
ooobooooooon

2 -1
. o
Br(t » e+~)+Br(r = u+~) =2m3r, | —2 7 my (6m)? . 5
(r = e+ 7)+ Br(r — o +9) = 2mr, (G0 ) (g (6m) o)
DDDDDDDDLHCDDDDDDDDDDDDDTill:Jl:Il:J[ll:J[Il:Imzl[ID[IDDDD[IDDDD[IDD
O/mO0OD000000O0D0D0O0000O0OODOOO0O000O0DODOOO0O0O000O0OODO0O0OOUODOODbOOOO
O0o0ooooooooooooooooouoooooooooooooo

googooo
[1]S. Kaneko, J. Sato, T. Shimomura, O. Vives and M. Yamanaka, Phys. Rev. D 78 (2008) 116013
[2]S. Kaneko, H. Saito, J. Sato, T. Shimomura, O. Vives and M. Yamanaka, Phys. Rev. D 83 (2011) 115005

100000000 LSPOOODOOOOOONONDOOON0DOOON000000N0000O0N0N0NN0N0N00OON0N0Do00NoNnn
go0ooooooOo0ooOo0boOoO0ooOoOo0OoOo0OO0OO0O0O0OO0O0OO0O0O0O0O00O0O00OO0O0OO00O0000O0



Soryushiron Kenkyu

Recent B Physics Results at Tevatron
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At the Tevatron a rich B physics program is ongoing. We show recent topics of the search for
B? — p*pu~ search, the measurement of polarization in BY — ¢¢, the dimuon charge asymmetry
measurement, the observations of the new BY decay in B? — J/¢y K%, B? — J/%K*°, and B? —
J/9 £6(980), the measurement of CP asymmetry in B — J/¢¢, B — Dh, and D — hh, the

measurement of the heavy charm and bottom baryons in £%*, A¥, and %)+, and the observation
of the narrow structure in BY — J/¢¢K™* decay.

INTRODUCTION

Currently there are many puzzles or hints to new physics in the heavy flavor physics; the same sign dimuon charge
asymmetry, C'P violation in B? mixing, large branching ration of B — 7v.

These heavy flavor physics programs can enable us to approach the structure of matter and its interactions. One
also can access energy scales beyond the energy frontier machines. For the purpose the Tevatron pp collider with
/s = 1.96 TeV provides rich of b hadrons. At the Tevatron b quarks are pair-produced with enormous cross section [1],
which is three orders of magnitude higher than at eTe™ colliders, and generate all sorts of b hadrons. This provides
privileged access to SM-suppressed processes such as FCNC transitions and C'P violation in B? mixing. These
approaches from flavor sector at Tevatron are complementary to direct searches for BSM processes like Supersymetry
(SUSY) particles, and also B physics at the ete™ experiments.

In this paper we focus on studies for some recent Tevatron heavy flavor programs; the search for BY — utpu~
search, the measurement of polarization in BY — ¢¢, the dimuon charge asymmetry measurement, the observations
of the new B? decay in BY — J/¢YK2, B — J/YK*° and B? — J/1 f5(980), the measurement of C'P asymmetry
in B — J/vy¢, B — Dh, and D — hh, the measurement of the heavy charm and bottom baryons in X%+ A} and
El()*):lz, and the observation of the narrow structure in Bt — J/19¢K™ decay, which are performed by CDF and DO
collaborations.

RARE DECAYS

The search for B?(B°) — pu~

The BY(B°) — utp~ decays are dominated by flavor changing neutral current (FCNC) process. The decay
rates are further suppressed by the helicity factor, (m, /mp)%. The BY decay is also suppressed with respect to
the BY decay by the ratio of CKM elements, |V;q/ Vts\2. The SM expectations for these branching fractions are
BR(BY — putp~) = (3.42 4 0.54) x 1072 and BR(B® — p*p~) = (1.00 £ 0.14) x 1071° [2]. As many new physics
models can enhance the BR significantly, these decays provide sensitive probes for new physics.

CDF [3] selects two oppositely charged muon candidates within a dimuon invariant mass windows of 4.669 <
Myt~ < 5.969GeV/c?. CDF employs artificial neural network (NN) to select signal events. With 3.7tb~ " of data
in the absence of signal, CDF extracts 95% (90%) C.L. limits of BR(B? — utp~) < 4.3 x 1078 (3.6 x 1078) [3] and
BR(BY — putp™) < 7.6 x 1078 (6.0 x 10~8) [3]. DO [4] performs a similar analysis with employing a Baysian Neural
Network. With 6.1fb~! of data, DO extracts 95% C.L. limits of BR(B? — putpu~) < 5.1 x 1078, which is currently
the world’s best upper limits for B? process.

Measurement of the B! — ¢¢ Polarization

The B? — ¢¢ decays are also dominated by one of FCNC process, b — s5s. The decay amplitude is described
in terms of the transversity basis polarizations, i.e. three transversity polarization amplitude of longitudinal |A4g|?,
transverse parallel |A|, and transverse perpendicular A;. Taking into account the V-A nature of interaction and
the helicity conservation in QCD, the SM predicts the longitudinal polarization |Ag|? dominant polarization. While
this prediction is experimentally confirmed in the tree-level b — u transition and the evidence in b — d penguin, the
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b — s penguin decays such as B — ¢K* show the equal portion of |Ag|. This surprising result should be confirmed
by other penguin process, especially in the other b hadron.

CDF measures the polarization with helicity basis angular distributions, i.e two helicity angle of two ¢ mesons and
the decay angle of each ¢ — KTK~ decay planes. No C'P violation induced by B? mixing is assumed. CDF ??
obtains:

|Ag|> = 0.348 4 0.041(stat) & 0.021(syst),
|A)|? = 0.287 £ 0.043(stat) & 0.011(syst),
|AL|? = 0.365 4 0.044(stat) & 0.027(syst),
cosd = —0.917775(stat) & 0.09(syst).

The longitudinal polarization is not dominant like other B decays and contrary to naive expectation. The first
measurement in the BY sector seems to strengthen the puzzle.

MEASUREMENT OF THE B! MIXING PHASE

Analogously to the neutral B° system, C'P violation in B? system may occur also through interference of decays
with and without the B%-BY mixing. In the SM, the BY-BY mixing phase ¢5™ is predicted to be small as 0.004 [5]. If
new physics has different phase ¢t from the SM, the ¢, could be dominated by ¢YF. In this case one can access the
phase by studying the time-evolution of B? — J/1¢ decays. The C'P violating phase /6’;] /¥¢ is defined as the phase
between the direct B — .J/1¢¢ decay amplitude and mixing followed by decay amplitude. The g™ is described by
CKM matrix elements as arg(—V;sV};/VesVe) and predicted to be small, 0.02 [5]. Since ¢YF contributes to both ¢
and [, large 05 would indicate existence of new physics contribution.

To extract Al'y and 35, an unbinned maximum likelihood is performed. The possible dilution due to the BY — J/¢¢
polarization is handled by time-dependent angular distribution fit. CDF (D0) updates the flavour tagged analysis
with 5.2 (6.1) fb~" of data [6, 7]. CDF selects about 6500 signal events with NN, while DO selects about 3400 signal
events with a cut based selection. Fig. 1 shows the fit result. Both experiments show the consistency with the SM at
one standard deviation.

CDF Run Il Preliminary L =5.21b" __ Preliminary
0.6 —— ewcL In 04 - D@, 6.1 iyl & = —0.4240.18
r —— 68% CL 0] E B°—>J/1/;¢ 6= 3.01+0.14
0.4  — SMpredicion .= : AM, = 17.77+0.12 ps}
’ ® (.2
> — 68% CL
<

— 95% CL

i),
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FIG. 1: Two-dimensional profile likelihood as confidence contours of 37/*% (c;S‘SI/W)) and ATs for CDF (DO0). Also shown is the
68% contour from the DO dimuon charge asymmetry.

DIMUON CHARGE ASYMMETRY

As already mentioned at the Tevatron b quarks are pair-produced. In like-sign dimuon events, one muon can arise
from direct b semileptonic decay and the other from B—B oscillation followed by b semileptonic decay. Some theory
model beyond the standard model expects the enhance in the B mixing through the box diagram.
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DO [8, 9] measures the like-sign dimuon event with 6.1fb~! of data. DO defines the like-sign dimuon charge asym-
metry Ab:

Al?l = 7N;+ N,
NN

where N, b+ (N , ) represent the number of events containing two b-quark hadrons decaying semileptonically into two

same positive (negative) muons. Assuming C'PT invariance, one can find A% = B4a + Bsad), with al = AA% tan ¢g,
q

where ¢, is the CP violating phase, and the mass difference AM, and the lifetime difference AGamma, of the B,

meson. The asymmetry als’l can be obtain from:

b I'B—B—u*X)-T(B—B—pu X)

%l I'B—B—utX)+T(B—B—uX)

DO collects the inclusive muon and like-sign dimuon samples. Major backgrounds come from the asymmetric
backgrounds from kaon faking muon and the asymmetric y™ and p~ acceptance. The former is solved by the collect
fake rates measured by the massive sample of K*0 — K+7n~ and ¢ — K1TK~ and the latter is solved by the swapping
polarity of the solenoid.

Finally DO obtains A% = —0.00957 & 0.00251(stat) + 0.00146(syst). It differs by 3.2 standard deviations from the
SM prediction. Fig. 2 shows the comparison of the measurement with the SM prediction.

R

EDo A
= Standard Model
— B Factories
ED@ B, D u X
o b b b P b
-0.04-0.03-0.02-0.01 0 0.01
a§

FIG. 2: Comparison of A% in data with the SM prediction for ad and agj. Also shown constraints from the other measurements.

OBSERVATION OF NEW B! DECAY CHANNELS

To study C'P violation in B? mixing, one needs to increase the sensitivity since the expected asymmetry is small.
One effective method is to increase the channel which is sensitive to the BY mixing phase. The decay B? — J/1 f5(980)
is one of them. Since f((980) is a scalar meson, one does not need to perform an angular analysis to extract the
CP phase. It also provides the chance to measure pure lifetime of the heavier B? mass eigenstate. Following LHCb
and Belle, CDF also measured the decay with 571 + 37 signals, which is the largest samples of the world. CDF also
measured the relative branching fractions to B — J/1¢ to be 0.292 4- 0.020 + 0.017.

The decay B? — J/9pK2(K*°) is analogous decay channels, however it is Cabibbo suppressed. CDF [10] searches
for such suppressed decay from the small shoulder peak in the large sample of B — J/¢K2(K*?). With the binned
log-likelihood fit, CDF finds 64 & 14 B? — J/¢ K2 and 151 & 25 B? — J/¢K*° peak. The significance is 7.20 and
8c. Both are the first observation. CDF determines the branching fraction

BR(B? — J/¥K°) = [3.53 4 0.61(stat) & 0.35(syst) & 0.43(frag) 4 0.13(PDG)] x 1075,
and

BR(B? — J/¥K*°) = [8.3 + 1.2(stat) + 3.3(syst) + 1.0(frag) & 0.4(PDG)] x 10~°.
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MEASUREMENT OF CKM ANGLE ~

The branching fractions and C'P asymmetries of B~ — DYK~ provides theoretically clean way of measuring the
CKM angle 7. Among several methods to measure v, ADS [11] method is suitable for hadron collider. In ADS
method, one collects D° decays in a doubly Cabibbo-suppressed (DCS) channel, D° — K*7~, and measures ADS
parameters:

P BB [Ktn]poKT) + B(BY - [K-at]poK*)
ADS = BB~ = [K- 7t poK )+ BB+ — K7 |poKT)’
A BB = [KTn 7 |poK™) —B(BT — [K 7t ]poK™T)
APS T B(B= — [Kr-|poK—) + B(B* — [K-n|poKT)’

Same measurement can be performed by B — D decay. Expected size of the maximum asymmetry is 90% (30%)
for B— DK (B — D).

CDF [12] measures the ADS parameters using a sample of approximately 5fb~!. CDF obtains charm decays from
the track trigger that requires large impact parameter to select B meson decay daughters. Further selections based
on B, D kinematics are applied to choose signal events from huge combinatorial background. The signal yields are
extracted from the B invariant mass with taking into account dE/dz. Obtained ADS parameters are corrected by
the charge dependence of the kaon detection efficiency.

Raps(K) = [22.5+ 8.4(stat) + 7.9(syst)] x 1073,

Aaps(K) = 0.22 +0.18(stat) 4 0.06(syst), (1)
Raps(m) = [4.1+0.8(stat) £ 0.4(syst)] x 1073,

Aaps(m) = —0.63 +0.40(stat) + 0.23(syst). (2)

This is the first measurement at a hadron collider and the results are in agreement and competitive with other
experiments.

MEASUREMENT OF CP ASYMMETRY IN D — hh

The measurement of C'P violation in charm meson decay is complementary to the down-type quarks system, K and
B. It provides an unique test to discriminate up-type quark sensitive new physics. Since the expected SM asymmetry
is small as a few times 0.1%, large asymmetry indicates the existence of the new physics.

Cabibbo suppressed charm meson decay D° — 777~ and D° — K+ K~ are theoretically clean and the contribution
from the penguin diagram is negligible. CDF [13] analyzes the both channels with approximately 5.9fb~! of data and
measured the time-integrated C'P asymmetry:

r'(D° — hth™) —-T'(D° — h+h—) it 4 <> ind
0 _ 0 _ acp + acp;
T(DY — hth-) + D(D° — hth-)

Acp(hth™)

where allf, (alBg8) is direct (indirect) C'P asymmetry, and < ¢ > is the mean proper decay time of D° meson, in units

of DY lifetime 7.

CDF collects the charm meson signals from charged D* meson decays to tag the D meson flavor and also collects
untagged D° — K~ 7T meson decays to correct all detector effects, thus suppressing systematic uncertainties to below
the statistical ones. In CDF < ¢ >= 2.40(2.65) £ 0.03 for D° — 777~ (D° — KTK~) decay, while < t >~ 7 in
B-factory.

Assuming negligible direct C'P violation in both decay modes, the observed asymmetry is only due to mixing:

aB(D® — 7777) = [+0.09 & 0.10(stat) + 0.05(syst)] %,
a8 (D® — KTK~) = [-0.09 + 0.08(stat) 4 0.04(syst)]%.

Both are most sensitive measurement so far and show no evidence of C'P violation.
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SPECTROSCOPY

Measurement of Heavy Charm and Bottom Baryons

The heavy baryon decay provides good test for the heavy quark symmetry, since these systems have relatively
narrow width of the resonances. A hadron collider provides rich heavy baryon mass spectrum. CDF and DO observed
many heavy baryons so far.

In 5.2fb~" luminosity of data, CDF [14] measures the excited charm baryons A.(2595), A.(2625), X.(2455), and
$.(2520), which are reconstructed from A** — AFaTn~ and 0T — Afmr~+. The event is selected from the
track trigger that requires large impact parameter to select heavy baryon decay daughters. The A, is reconstructed
in the pK 7t decay. Event selection is evaluated by kinematics of intermediate state with artificial neural net-
work. The number of event is fitted by binned maximum log likelihood on the mass differences m(AF7n~) — m(A}),
m(AF7T) —m(AF), and m(Af7ntn~) —m(A}). Table shows the fit results. These are the most accurate A% properly
measurements.

mode m —m(AT)(MeV/c?)
%.(2455)Y 167.28 4+ 0.03(stat) + 0.12(syst)
¥ (2455) T 167.44 £ 0.04(stat) 4 0.12(syst)
¥.(2520)° 232.88 4+ 0.43(stat) + 0.16(syst) 12.51 + 1.82(stat) & 1.37(syst)
¥ (2520)T 230.73 £ 0.56(stat) & 0.16(syst) 15.03 + 2.12(stat) £ 1.36(syst)
(stat) (syst)
(stat) (syst)

T (MeV/c?)
1.65 & 0.11(stat) = 0.49(syst)
2.34 £ 0.13(stat) & 0.45(syst)

Ac(2595)%  305.79 £ 0.14(stat) & 0.20(syst) 2.59 £ 0.30(stat) & 0.47(syst)
A(2625)F 341.65 £ 0.04(stat) 4 0.12(syst < 0.97(90%C'L)

TABLE I: Summary of observed charm baryons.

CDF [15] also reconstructs the heavy b baryon Eé*)i followed by A7+, A — Af7r—, A} — pK 7t using 6.0fb™"
of data. Table shows the fit results.

mode m(AjnT) — m(A)) — m(rT)(MeV/c?) T (MeV/c%)
IR 52.0f§j§(stat)g§§4(syst) 9.2f§j§(stat)fijg(syst)
X, 55.270-% (stat) %07 (syst) 43137 (stat) "] 9 (syst)
ot 72.7+ 0.7(stat)%é§6(syst) 10.425:2;(stat)%?:7§(syst)
P 75.7 £ 0.6(stat) g6 (syst) 6.4737 (stat) 797 (syst)

TABLE II: Summary of observed bottom baryons.

Observation of Y (4140)

There are some interpretations about recently observed charmonium-like exotic mesons beyond ¢g, hybrid (¢gg), or
four-quark states (¢gqq). Recnetly CDF reported the evidence of a narrow structure near the ¢ threshold named as
Y (4140) in B* — ¢ K™ decays [16]. CDF [17] measures the decay by increased the sensitivity with the luminosity of
approximately 6.0fb~'. The signal candidates are selected from the dimuon trigger events. The signal is fitted from
the mass difference distribution between p*u~K+TK~ and utp~, in the BT mass signal region of 115+ 12 events.
CDF obtains the peak at 4143.4%  (stat) & 0.6(syst) MeV/c? and the width is 15.37%%(syst) + 2.5(syst) with a
significance grater than 5 0. Fig. 3 shows the signal peak in the B mass. CDF also finds a hint of a possible second
structure with a mass of 4274.475 2(stat) MeV/c? and the width is 32.37353(syst) with a significance of 3.10.

CONCLUSION

At the Tevatron a rich B physics program is ongoing. DO updates the upper limit of BR(B? — putu~). CDF
measures the polarization in B — ¢¢ and revealed that the longitudinal polarization is not dominated. Both
CDF and DO updates the measurement of the BY mixing phase and significantly reduces the uncertainties. Now
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FIG. 3: The mass difference AM, between p™p~ KTK™ and ptp™, in the BT mass.

both measurements are consistent with the SM within one standard deviation. D0 measures the dimuon charge
asymmetry and reports 3.2 standard deviation discrepancy from the SM. CDF observed new BY decay channels in
BY — J/yK2, B? — J/¢YK*0, and BY — J/1f5(980). The former two decays are the first observations of the decay.
CDF reconstructs B~ — DK~ and B~ — D%~ and measures ADS parameters which are sensitive to CKM angle
at first in hadron collider. CDF measures C'P violation in D — hh channels. This is the most accurate measurement
and the consistent with null asymmetry. CDF also measures the heavy charm and bottom baryons in X0+ AT
and Zl()*):l: decays. CDF observes the narrow structure in BT — J/¥¢K™ decay. CDF also finds a hint of possible
second structure with significance of 3.10.
The Tevatron is performing well with planed running until September 2011 will provide further fruitful results.
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The DO collaborations recently reported a measurement of a like-sign dimuon
charge asymmetry, (Agl)exp = —(9.57 &+ 2.51 + 1.46) x 1073, which is deviated at
3.20 level from the Standard Model prediction, (A%)sar = (—2.3702) x 1074, Since
this asymmetry originates from the B meson mixing, it indicates the existence of the
new physics contribution to the B meson mixing. In particular, the large Bs; meson
mixing amplitude and its CP phase are favored.

In supersymmetric standard model, additional contributions to the B; meson
mixing amplitude arise from gluino box diagrams, picking up a b — s squark mixing.
Therefore there is a chance to explain the large CP asymmetry in Bs; meson mixing
with the sizable b — s squark mixing and its phase. However the b — s squark mixing
also contributes to other quantities relevant to a b — s quark mixing, such as the
branching ratio of b — sy and the mixing induced asymmetries of By — ¢Kg and
By — 1 Kg. Therefore the size and the phase of b — s squark mixing are constrained
from the corresponding experimental results. We found that large enough B meson
mixing is obtained with avoiding these constrains. However, the constraint from the
neutron EDM is more sever. The b — s squark mixing contributes to CEDM of the
strange quark, which contributions to the neutron EDM sizably. Thus, the CP phase
of the b — s squark mixing is severely constrained, resulting a difficulty of obtaining
large CP asymmetry in By meson mixing. As a matter of fact, we found that when
the gluino contribution dominates the SUSY contributions to By meson mixing, it is
difficult to avoid the EDM constraint as long as there is no cancellation among CP
phases in b — s squark mixing sector. Typically, we need O(10~2) cancellation of the
phases.

In the case where the sparticles are heavy, the gluino contributions decouple
and the dominant contributions arise from flavor changing and CP violating Higgs
couplings. These couplings originate from non-holomorphic couplings, reflected that
the CP and flavor violation in squark mixing. The couplings are strongly enhanced
by the large tan 3. The Bs meson mixing amplitude is approximately proportional
to tan? 8 while the contribution to the CEDM is roughly proportional to tan 3.
Therefore the EDM constraint becomes less severe compared to the gluino dominant
case. In fact, it is found that the large enough CP asymmetry in Bs; meson mixing
can be obtained, while avoiding EDM constraint. In addition, the branching ratio of
the By — uTpu~ tends to be large, which is proportional to tan® 4 and it is expected
to be detected at the LHCb experiment.
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