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The possible gamma-ray excess surrounding the Galactic
center suggested by Fermi-LAT observations has been
interpreted as a variety of different phenomena such as

(i)]a signal from WIMP dark matter annihilation,

(ii) gamma-ray emission from a population of millisecond
pulsars,

(iii) emission from cosmic rays injected in a sequence of
burst-like events or continuum at the GC.



Fermi sky Galactic diffuse

Isotropic gamma-ray background Fermi bubbles
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From Satya’s Talk @ LHCDM, 2015



Sources of Galactic Diffuse Emission (GDE)

1. Inverse Compton: CR electrons up-scattering low-energy photons
2. Neutral pion decays: CR protons inelastic collision with nuclei (gas)
3. Bremsstrahlung : CR electrons interacting with interstellar gas

data sources galactic diffuse isotropic
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The differential flux of gamma-ray
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DM prompt y-ray spectrum per annihilation
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depend on the observational region of interest (ROI) in a particular analysis 7



We will consider the galactic DM density distribution described
by a generalized Navarro-Frenk-White (NFW) halo profile

p(r) = po (%) h (11: T;/;;S)’Y?’

where the scale radius r,=20 kpc, r is the distance to the GC, —y is the
inner log slope of the halo density near the GC, and p, is the local DM

density at ro = 8.5 kpc, the radial distance of the Sun from the GC.




GCE results are sensitive to Galactic Diffuse Emission Models

1409.0042, systematics of 60 GDE models studied by Calore, Cholis and Weniger (CCW)

1411.2592, Agrawal, Batell, Fox, Harnik (use the CCW or preliminary Fermi GCE spectra)

1411.4647, Calore, Cholis, McCabe, Weniger (CCMW), follow up CCW'’s result

Use 60 GDE models and fit the gamma ray data (300 MeV to 500 GeV)

A Tale of Tails : the difference from earlier
studies. The peak remains the same

ROI of |¢| < 20° and 2° < |b] < 20°
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Wi ———————"——73  CCMW: Annihilation into gluons,
L — @ )i gq,cc, bb, hh provides a good fit
[ )

L — Db : —
| — g9 Channel (10_26<(;123 s (Ge>{/) Xoin p-value
qq 0.83%015 23.8732 267  0.22

0= - e 1247015 3gotdT 934 .37

‘ _ bb 1.751928 48.775% 9239  0.35
_.-'/") \, - it 5.8108 173.3t2% 439  0.003
Nt ' 99 2161035 575173 245  0.32
- ' WHw- 3.52101% 80.475% 36.7  0.026
10-27 L '16’ — A 4127522 91.27,°% 35.3  0.036
my [GeV] hh 5337008 125.7%0% 295 0.13
e 0.33715097  9.96%50° 33.5  0.055
[t~ 1571025 5.231537 43.9 0.0036] ¢

Low p-value; is not excluded with
95% CL significance

This is for self-conjugate DM
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Multi-Step Cascade Annihilations of Dark Matter, Elor, Rodd, and Slatyer (2015)

XX = OnPn —> 2 X Gp_1Pn—1 — ...
— 2”_1 X ¢1¢1 — 2" % ff

If the step is increased, the spectrum is
broadened with a lower energy peak
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the O-step 7 spectrum has a much larger
contribution from leptonic and semi-leptonic

T~ 2V LVy, v du
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XX = Onbn —> 2 X Opp_10p_1 — ...

_— - _ with f =1
— 2 X¢1§b1%2 Xff
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The model building for the galactic center gamma-ray emission
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Vector dark matter

The relevant kinetic terms in the dark sector are

1
LM = —ZXW/X'LW + (DM(I)S)T(D“(PS)

D, ®s = (0, + igXchs(f{u)‘I)S

X =0, Xy, — 0,X, '

“~~5 Ugpm (1) charge of @

Leptophilic Next-to-Minimal 2HDM

2HDM: Two Higgs doublet model
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Also relevant to dark matter relic density
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—~ =Bound from dwarf
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3. 3 spheroidal galaxies (dSphs)
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Red line: 95% CL upper bound from combined gamma-ray data of 28 confirmed and 27
candidate dSphs, recently reported by the Fermi-LAT and DES Collaborations (2017)

grey region: conventional WIMP thermal relic density can be accounted for
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The CP-conserving potential for the Higgs sector is described by

A A
V= miy @1+ my|Baf” — miy (@] @2 + huc) + T(@]01) + T (B] Do)’

A
FA3(BT D)) (DL D) + Ag(D]D2) (DLD1) + 75[(@{%)2 + h.c)

A6

T ®hds + T (P50s)® HAr(@]01)(RLDs) + As(®]D2) (2L Ps)

Z, symmetry: &, - &, P, - —P,,and &5 - Pg, under which the tree-level
flavor changing neutral currents (FCNCs) are absent.

® is charged in the dark Ug,,, (1) gauge group

After spontaneous symmetry breaking, a discrete Z,’ symmetry: X, - —X,,
bs — g, is still maintained




hf B cos 3 —sinf G+
hg sinf3 cospf H* ’
ap | cos3 —sinf e
as sin3 cos 3 A 7

hq cosae —sina 0 0O O 0
hy | = | sinaa cosa 0 0lcosd —sind
hs 0 0 1 0|lsind cosd

0 1

cosf 0 —sinf H

0 hY

sinf 0 cos6 S

a is the mixing angles of the neutral CP-even bosons (hq, h,) in the limit of §,6 = 0

S is the mixing angles of the charge bosons, and is related to the ratio of the
two VEVSs, tan f = v, /v;.

Yukawa couplings of neutral type-X N2HDM Higgs

9nff
9Hf f
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Feature of L(N)2HDM with a the light CP-odd Higgs

& Consider the constraint on Br(h > AA)  Current bound 0.2-0.4 dependent on m,

In case of gpas = 0, we have (a2 = 12, /(sin 5 cos 3))

, 2 mi  2m?
Sln(ﬁ@)ﬁlm(l—i—Mz M2>
2 m2 m2
— ~ 1 h _ 7A
cos(f —a) = £ ( MDYV M2>

under the conditions of t3 > 1,m%/M?* < 1, m? /M? < 1 and sg_o — 1

The normalized Yukawa coupling of the SM Higgs to the lepton pair can thus be

2 2
__Sa _ N my m4
ghee = _CB = Sp—a —tgCh—q =—1— —2 +2—F5

In this case, the alignment limit, sg_, — 1, reproduces the wrong-sign SM coupling gpee — —1.

& h - 7T measurements, |gn; | < 1.26at20 C.L., give M? > 245 GeV
formy < 20 GeV
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Oblique parameters in EW precision measurements

Taking the limit sg_, = 1, and keeping terms linear in sin® and sind, we obtain

1 5 4(mpgr —mpg) 300 GeVmpg+ — mpy
S~ —-| = ~ —0.022 — 0.002 x ,
24 (3 + mg mg 10 GeV
1 mg Mg+ — My
T ~ — ~ (.04 x :
SomZan " (M — ) 300 GeV 10 GeV
I~ 1 (my+ —mpy 20.001X300Gevai—mH,
127 mg mg 10 GeV

Formy ~ 300GeV, |my+ — mH|~0(1OGeV), the theoretical
prediction is consistent with that from the data fit:

S =0.05+010, T=008+0.12, U =0.02=%0.10.
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Muon g-2

One-loop

Two-loop (Barr-Zee diagram)

Contribution from the light A boson
was pointed by

Kingman Cheung, CH Chou, Otto,
Kong (2001)
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E821 collaboration (2004)

aP =11 659 208.0

L

(5.4)(3.3) x 107

ay

exp CLSM —

(26.1 +8.0) x 10719,

(Hagiwara et. al.)
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my~ 10 — 20 GeV can explain muon g-2 anomaly at the 20 level

21




Determination of 8 and 6

95% CL. limit: Br (h - beyond SM)<34% (O' v)XX—)AA/ ( (o) v> XX—>SS < 005,
= [Asaal S 0.022
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~0.10}

0] <0.001, |8 <0.088

If taking & = 0, the constraint from the two-step cascade annihilation
gives || < 0.00043 22




A very small coupling is allowed

mediator
visible sector

Mmed < Mpm

Hidden sector
in which dark matter is secluded



Relic density: dependence on 6 and 6

(0,8) = (0.00043, 0)

1010 s
. @
the same as the conventional ool E
WIMP scenario .
106 -
> B E
10‘@ =
Normalized yields are ol
7T 1/2 E
yx (z) = mmxg*/ (ov) xx—55Yx (), e
ys(z) = &mxgi/ *(ov) xx-s5Ys (@),
n.
V=~
S

myx = 40 GeV, mg = 35 GeV, gx = 0.12, tan 3 = 35, my = mjh} =M =300 GeV, and 8 — o = 0.062909.




What happens for an even smaller mixing angle ?

Dark matter is well secluded in the hidden sector

Ilgnoring the cannibal effects, the hidden sector may be out of
equilibrium when T < my (co-decay dark matter)

6,8) = (1.2x 10~11,0)

X=mx/T
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3 — 2 annihilation (cannibalism)
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1.04 x 109 GeV 1
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_ [T lovixxoss (00) Py s That i 0
J = 5 . T~ o atis (ov)yx_ss X Xr

It hints that (ov)$y_ss Will be 3 times larger than the conventional
WIMP case



[(S-AA) [GeV]

2.3x1072° 2.3x1071° 2.3x107"2 2.3x1078 0.00023
120—\ | R | ' | ' | i1109
o i e ] e m
— P Max. GC ]
100 — P —9.79
v <F P Out of equivalent 2 step ann ] —
roet \ i o1 with SM bath for 70 E
CMB bound = HERS T
S = —567 ©
40— Lo current dSph bound —{3.68 E
20 — _i______________:::1.80
Big bang nucleosynthesis - B i| | dSph| prOJeT:ted s|enS|t|v||ty »
(BBN) constraint RF 10-10 108 100 0d 0
18] > 5.3x1071° 0
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That is (ov)yx_ss & Xf
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Summary

2-step cascade DM annihilation can well account for GC gamma-
ray emission.

We have modeled a LN2HDM portal vector model

This model exhibits my~ 10 — 20 GeV that can explain muon g-2
anomaly at the 20 level.

The mechanism resulting in the cannibally co-decaying vector
dark matter can explain the GC gamma-ray emission, the relic
density simultaneously, and other constraints.

A very small coupling is allowed

mediator
visible sector

Mmed < Mpwm

Hidden sector in which dark matter is secluded
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The Yukawa Sectors

Lyvakawa = — QryuPour — Q ya®Padp — Lrye®1lp + h.c.

The type-X Yukawa interactions are imposed a Z2 symmetry only to the
right-handed quarks

Yukawa couplings of neutral type-X N2HDM Higgs

f=u,d [
9hff Ca/Sp —Sa/Cs | Dominant in large tanf
JHFf Sa/8p Ca/CB /T

gsff —(SaSe +casSs)/sg (—casSo + sas;)'/%
\ 4

gaff +1/tg 72

TABLE I. The tree level Yukawa couplings of the neutral type-X N2HDM Higgs bosons, keeping terms
linear in sin # and sin §, with respect to that of the SM Higgs.
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(b)

QDM h2 ~

1.04 x 109 GeV 1

J\/ 87Tg*Mp1

(0)

X {ov)xx=55 ,  _ (OV)Xx_gs
J:/x " dz —

Lf

6,8) = (2.0x 10710, 0)

= 0.1198 = 0.0026

That is (ov)%x_ss X Xf
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tanf

E821 collaboration (2004) a;,; P =11 659 208.0

(5.4)(3.3) x 10717

mHO = mH+ =300 GeV

70

60

50

ex SM __ —10
LD —ay = (26.1 +8.0) x 107,

(Hagiwara et. al.)
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30 HZ ' Fig. from 1504.07059, by
g “ Abe, Sato, Yagyu
& .
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my~ 10 — 20 GeV can explain muon g-2 anomaly at the 20 level
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The width of S is narrow

[(S—AA) [GeV]

0.10F
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6] <0.001, [6] < 0.088
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6
=) I's/mg < 6.7 x 107* for |6] < 0.001
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Two-Higgs Doublet Model

V(®y, Bs) = m2, 810 + m2, 1y — (m2,®]d, + Hoe.)

1 1
+ 5)\1(<I>J{<I>1)2 + 5Ag(cb;cpg)? + A3(D1D ) (BLDBy) + Ay (B D) (BT D1)

1
+ [§A5(c1>{<1>2)2 + A6 (@] 1) (R]D3) + A7 (®LDo) (] ) + H~C-]

discrete symmetry is imposed: ®; —» &, P, - —P,, which forbids A4 and A, but
may be softly broken by the mixing term m%,.

B Gt cosfS— HTsinf

;= %[vcosﬁ—hsinoz+Hcosoz+7l(GOCOSﬁ—ASinﬁ)]
B GTsinf8+ H™' cosf3

Oy T %[’USinﬂ—f—hCOSCV—l—HSiIlCV—|—’i(GOSiH5—|—AC086)]
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Yukawa coupling

—Ly =«

(QLY " Douly + QLY Dodl, + L) Y 0ol + Hec.
QLY “®ouly + QLY 0 dly + L) Y 0 + Hec.
QLY " ®ouly + QLY ®odly + L) Y 04 + Hec.

QLY Douly + QYD dly + L, YD, + Hec.

. P wr dir bir Qir,Lir | & §d §e
Type 1 + = — — — + cot 3 cotf cot 3
Type 11 + = — + + + cot 3 —tanf —tanpf
Type X (lepton-specific) | + — — — + + cotB cot —tanp
Type Y (flipped) + - - + — + cot3 —tanf  cotf
T
gnff = —Tf(sﬂ—a +&rcs-a)
my
grps =~ " (Cs-a — &f56-a)

. m
gafr =1 Sgn(Qf)Tfﬁf



