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Standard Model

The basic ingredients of reality ©NewsScientist
The 4% of the universe we know about..* ..and the 96%
don't
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* for simplicity antiparticles are not shown




Neutrino Masses

- In the SM, neutrinos are massless.

- Oscillation experiments suggest nonzero neutrino masses.

Parameter best-fit (+10)

Am3, (1075 eV 2] 7.547028 6.99 — 8.18
|Am?| (1073 eV 2] 2.43FD90 (2.427097) 2.19(2.17) — 2.62(2.61)

sin? 01, 0.3071 0018 0.259 — 0.359
sin? O3 0.3861 0051 (0.39210:059) 0.331(0.335) — 0.637(0.663)

sin? 613 [173] 0.0241 £ 0.0025 (0.024470:0052)  0.0169(0.0171) — 0.0313(0.0315)

Y-m, < 0.933 eV for Planck data only

neutrinos

- Why are neutrino masses so tiny?




Dark Matter

- Many evidences for the DM
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Dark Matter

- 27 % of the universe is DM © Dark Matter
© Ordinary Matter
- We do not new its nature ® Dark Energy

- None of the SM particles can be a DM candidate

‘




Neutrino masses and Dark Matter
- Neutrino and DM require New Physics beyond the SM

- Radiative generation of neutrino masses is a viable
scenario and testable at colliders

 Interplay between Neutrino masses and DM

Under SU(2);, X U(1)y X Z,, the particle content is given
by

(v, l;)~(2,—1/2;+), E~(1,1;+), N;~(1,0;—),
(3)

(5, ") ~2,1/2;+), (", n")~(@21/2;-). (4

LY = j‘u((ﬁ >V,' + (50[,)[; + hij(Vi"?O - 1,7"’ )Nj + H.c.

FIG. 1. One-loop generation of neutrino mass.

E. Ma, PRD73 (2000)



Continuum emission/

secondary photons

« often largest component

« featureless spectrum

« difficult to distinguish from
astrophysical background
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Internal Bremsstrahlung (1B)

* radiative correction to
processes with charged final
states

* Generically suppressed by O(a)

xXx — ffvy
N— \

K (smoking guns)

Taken from Weniger, Light Dark Matter WS (2013)
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spectra

Bringmann & Weniger (2012)
e y— .

Gamma-ray lines

* from two-body annihilation
into photons

« forbidden at tree-leve,
generically suppressed by

oL XX = 7Y
_




Indirect Signature: y-line

- FermiLAT data

Regd (SOURCE), E. =129.4 GeV

Bringmann, et.al, Weniger (2012)

m, = 129.8 £2.477, GeV

1.27 +0.32 79:5%) x 10727 cm?® s~

~4% of thermal relic density
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- 130 GeV line from Galactic center: 3.3~6.50.

- Other sources (Earth Limb, etc): ~30
—The current situation is confusing.



HESS-Il /| GAMMA-400 to the rescue?

GAMMA-400
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[Bergstrom et al., 2012]
HESS-II (hybrid mode) GAMMA-400

* 50 hours of observation of galactic center * 5 years of survey mode (5sigma
« enough to rule out signature or confirm it at 5 detection would take ~10 months)
sigma (if systematics are under control) * Allows discrimination between VIB
« GC close to zenith from March 2013 on and monochromatic photons
« 230 hours per season in principle possible * detection of yZ down to 20% relative
« results end of 20147 branching ratio
[parameters from J. Lefaucheur+ (Gamma 2012, Heidelberg)] * launch in 20187
Taken from Weniger, Light Dark Matter WS (2013)




Outline

- Introduction to Zee-Babu model for radiative neutrino mass
- Introduction of DM in Zee-Babu model
k! Zg-m0d8|

- U(1)g-L model
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The Zee-Babu model

- Two charged scalars % with L=-2 are
iIntroduced in addition to the

WINCIEIAMNE]  Lv=/ (Yo C¥hr) €ish ™+ hyy(LgClyp)k ™ +He.

Babu, PLB(1988)

V=uig'o+uh* h™ +p3k " k== +2(870)* +a2(h*h™)? +4a(k* T k=7)2 +2u(9"9) (AT h7)
Fis( @ @)kt k) +Ag(h* h=)(k** k=) +u(h* h* k=~ +h~h~k**).

(Mv)ab = Sﬂfacmch:cdmdfdblcd
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The Zee-Babu Model

- Right-handed neutrino is NOT necessary

- Smallness of neutrino mass comes from loop-suppression
factor

- Det(M)=0: one massless v
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/> Model

 Introduce DM X and Zs-symmetry: X—-X

- Simplest extension to incorporate DM

AT %M?XX2 - i)\XX‘l - %)\HXHTHXQ - %)\XhXQiﬁh_ - %AXkX2k++k__
- The SM Higgs is a mediator between the DM X and the SM

sector
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/> Model

my=125 GeV,m xy =130 GeV _ my =125 GeV, m x =130 GeV

XENON100

QD.\»Ih'z = (.1123

(0V)4y = 0.2 x 107%7cm? /s

Figure 3. The contour plot of Qpyh? = 0.1123 (red lines) and (ov),, = 0.2 x 107?7cm?/s
(black lines) in the (Axn,Amx) plane for the choices my+ 150, 140, 130 GeV (solid, dashed, dotted
lines). For other parameters we set myx = 130 GeV, my = 125 GeV, my = 500 GeV, Axr = 5,
Ah = Ak = 0.5.
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/> Model

- Correlation with H—yy

Figure 5. A contour plot for constant I'(H — vv)/T'(H — vy)>™ (black solid lines) and I'(H —
Z~¥)/T(H — Z~)M (black dashed lines) in the (Agn, Arrx) plane. The shaded regions are disfavored

y (2.5) (blue) and by (2.7) (yellow). We set mp+ = 130 (150) GeV for the left (right) panel and
fixed Mr++ = 500 GeV.




U( B-| \Yi[eYo[=)

- Add @ with B-L charge 2

- u-term is replaced by B-L symmetric Chang, Keung, Pal, PRL(1988)
Lindner, Schmidt, Schwetz, PLB705(2011)

A\, o (kTTh=h= + k== hth')

- spontaneous B-L symmetry breaking < P> =V (p/\/2 generates

+(noxpX X + h.c.)
+(Auph kY + h.e)

FAr(H H)? + Ap(979)% + Ax (X*X)? + Mu(hh7)? + Me(k k)2
Ao HTH o + Apx HTHX* X + Agpn H'Hh h™ + A HTHE Y Yk
FAx P P X* X + Aong*ohTh™ + App* okt Tk

+AXR X XhYh™ + Axp X* XEY Y™ + Apch YR kY YR, (3.1)

- Stability of DM X: remnant Z, symmetry after < > =V (p/\/2



U(1)s-L Model

- “"Higgs” portal term

SM

- annihilation into the SM particles for relic density

- direct detection cross section

|sinag| < 0.32
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U( =00 \Yi[eYo[=)

- mass split between Re and Im part of X: Xg (DM)
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 Total 22 parameters in the scalar potential
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z.L. Model

« Enhancement of XgXg—VYy

2 20 Y 4+ Xa ¥ Vs U p
Qem (\/“w\—v‘lv)lwp Z Qf)\w[l — 73 f(73)]

ovrel( XRXR — 7Y) = ~ 2 4 5
rel(XrX R rY) 3273s s—m?2 +imgly
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Figure 6. Plots of ov(XgrXg — 77) for ay = 0 as functions of my(= m3) and v,. We set mp =
130, my = 2000, mys = 300, myss = 500 (GeV), Apx = —0.1, Aph = Agk = Axa = Axk = 0.1,
v, = 1000 (GeV) for the left panel and mg = 1000 (GeV) for the right panel. The horizontal purple
line represent ov(XgXg — vy) = 0.04 (pb) which can explaine the Fermi/LAT gamma-line signal.
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U(1)s-L Model

- Does Xg give correct relic density, Q_ h?-0.12?

- XX~ aa is dominant in wide region of parameter space.

1.07 x 10°GeV~! xp 1
Mp, V8 (a+3b/xF)

Qxhz ~

(ov) =a + b(v?) + O((v*)) ~ a + 6b/x

mh[4v,(V2ux, + Apxvy)(mF + m%) + (mF — m%)(4m3, — m3))?)

OVrel = : ; . AT e
el 64mvi(m? + m%)[(m3 — 4m%)2 + mil3)

« 2 Mp=My=260GeV, }\(px>0
mMi=Mmp=mk=1TeV, N's=0.01

log,o(ve/GeV)



U(1)s-L Model

« 2 Mp=M=260GeV, }\(pX<O

. TeV scale v o Can explain FermiLAT
gamma-line: too small relic density

- Need to decouple XpXg—yy:
mh:mk:ZO TeV
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U(1)s-L Model

- Off-resonance

« XpXR—0da cross section is too small
and we need other channels for

relic density: mp=150 GeV,

Mx=500 GeV
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onclusions

- Extended Zee-Babu model for radiative neutrino mass
generation to include a DM candidate X and SM singlet scalar

- /> model is consistent with relic density and direct detection but
cannot explain FermiLAT gamma-ray line
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EW scale Goldstone boson

- Chang, Keung, Pal, PRL(1988)
l'ggejé)’se.]
=" Model indep. bound from
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FIG. 1. The loop diagrams for the majoron coupling to the



