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Motivations

WIMP paradigm

Unified

description?,

/N

Standard
Model

Dark
World

o A (ov)(Ty) = G%Tf = 10"2GeV =2 with Ty /Mp =~ 25 yields
dark matter freeze out and reproduces the observed DM relic
density. Relic DM is non-relativistic and a mass of the order of
the electroweak scale is required.

e Appealing scheme pointing to weak interactions of dark matter
at the electroweak scale (unification route).

@ We propose here an alternative idea:dark matter with an

unconventional space-time structure. i as



Motivations

Theory of Quantum Fields (Weinberg)

@ Quantum mechanics <+ Poincaré group <+ |I') = a'(I")|0)

o I'={m?,j,p", 0} = good quantum numbers of the Poincaré

group.
e o the quantum number of the little group (i.e., spin projection for
massive fields or helicity for massless fields).

© Causality + Locality + Poincaré invariance of the S-matrix <
Fields transforms in a HLG irrep

as() = [ 0y (D)a(T) + Xe~ P70, (D (D)),

where

e K, A are constants fixed by discrete symmetries.
e uqp and u,, transform in some representation of the HLG.
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Motivations

HLG irreps and SM fields

HLG ~ SU(2)4 ® SU(2)p = irreps classified according to two SU(2)
quantum numbers:
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Motivations

HLG irreps and SM fields

HLG ~ SU(2)4 ® SU(2)p = irreps classified according to two SU(2)
quantum numbers:

Higgs (0,0)
Quarks & Leptons (3.0)  (0,3)
Gauge bosons (1,0) :, % (0,1)
Gravitino (%, 0) (-1 _ 1): (0, %)

L__ —— -

Graviton — (2,0)  (3,3) (L1 (5.3) (0,2
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Motivations

HLG irreps and SM fields

HLG ~ SU(2)4 ® SU(2)p = irreps classified according to two SU(2)
quantum numbers:

(0,0)
(300 (0.3)
Dark Matter ? (L,0)| (3.%2) |[(0,1)
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Spin-one matter, (1,0) @ (0, 1) fields: Brief review

Spin-one matter, (1,0) & (0, 1) fields: Brief review.

e First principles (irreps of the HLG): Dirac equations is just the
covariant projection on subspaces of well defined parity in the
(3.0) @ (0, 3) representation space.
For (4,0) @ (0, j) parity transforms as the time-component
(590--0) of a symmetric traceless tensor SHiH2-H2i
@ A basis for (j,0) @ (0, 5) induced by parity can be constructed.
For (1,0) @ (0,1) it is given by the 6 x 6 covariant matrices:

Q [, identity matrix (1).

© , chirality operator (1).

Q@ S", xS"” symmetric traceless tensors (9+49).

Q@ M"Y, HLG generators (6).

@ C**P antisymmetric under a <+ 8 or p < v; symmetric under

(a, B) <> (u, v). Satisfies Bianchi identity (10).

e Covariant parity projection and well defined P? yields the

following equation

%( 1 S1Y9,8, +m?| T(z) = 0
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Spin-one matter, (1,0) @ (0, 1) fields: Brief review

The free Lagrangian for spin-one matter fields is given by,
L =039,V — m*V¥ (1)

where ¥ = 2 (g" + S*) and the field ¥ is a six component
"spinor": W(z) = U(p, \)e P2,

Constrained dynamics, second class constraints, can be solved
following the Dirac algorithm.
Algebra satisfied by S crucial in obtaining a sensible QFT.

1 (8 4 UV 1 40% 1 vV
{sm. S 5}25(9“ g"P 4 grogh? — —ghvgoPy —

: (CMOW5 + CMﬁVOé)

1
6
The solutions U(p, \) satisfy

_ SHp.p, +M?  S(p)+ M?
S U MO = 22 AT ST
A

Propagator
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Spin-one matter dark fields (SOMDF): effective theor
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Spin-one matter dark fields (SOMDF): effective theor

Effective theory

e We consider spin-one matter dark fields (SOMDF) as SM singlets
(no SM charges) with their own (dark) gauge group (DG).

e SM fields assumed as singlets of the Dark Group (no DG
charges).

Dark Standard

M odel

World

@ General form of the DM-SM interaction

g i
Lint = Z An— OSM )0 () k+q=n.

e For the sake of simplicity we consider DG = U(1)p

11/49



Spin-one matter dark fields (SOMDF): effective theor

The lowest dimension standard model singlet operators are:
O%JM<2) = B"", O%M(2) — HH.

with B*” the U(1)y stress tensor.
The lowest dimension SOMDEF operators are:

0% (2) = UMW

with I' an element of the basis {I, x, S¥, xS*, MH K Crves],
The leading terms in the effective theory are

Ez’nt — \TJ(QSH + ing)\IjﬁH + gt\i’M,uz/\IjB'LW + £selfint(\1})-

We obtain a spin portal and a Higgs portal to SODM. Neutral
gauge fields of the SM couple to higher multipoles of SODM.
In the unitary SM gauge, after SSB we get

1 , _
Lint :§\Il(gs]1 +ig,x) ¥ (v + h)2 + grcosOy WM, W FH

— gt SinQWEMW v ZHY
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Spin-one matter dark fields (SOMDF): effective theor

Feynman rules.

D ; D
h,’

. = i(gsI + igpX) -o- =ilgsl g
_ R~ _
D A D
D D

k‘, % ka K .
= 2g; cos Oy MH* k,, = —2¢g; sin Oy MH*¥ 'k,

gl Z

D D
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ZY — DD and H — DDdecays.

D

]

e For low dark matter mass the transitions Z% — DD and

H — DD are kinematically allowed and contribute to the
invisible Z and H widths.

g2sinOw (M2Z — 4M?)3/?

'y opp = A M2 (M7 +2M?)

UQ\/MQ —4AM? 5 2 2 r2 4 2 12 2 2
U'y_pp = 327r]\Z4M§I (g5 (Myr — AMp M= + 6M*) + g, My (Mg — AM~)
The measured invisible width I'2(Z) = 499.0 £ 1.5 MeV

(PDG), includes the decay to vv. A calculation considering
massive neutrinos yields I'(ZY — vv) = 497.64 4 0.03 MeV.
Subtracting this quantity from the PDG reported value for the
invisible width we get the constraint

['(Z — DD) < 14415 MeV.
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e The invisible Higgs decay width has been recently measured as 2

7Y =1.14 £ 0.04 MeV.

Upper limits for g¢, gs, gp

_ (1.4)247 M4
It =\ sin20y (MZ — 4M2)372(MZ + 20M2)

g (1.14)327 M*M?2,
o =\ w2 /MZ — AMP[ME (ME — 4M2) + 6M7]

(1.14)32w M*
9p <
’Uzﬂﬂf%»—-4ﬂ42)3/2

2V. Khachatryan et al., CMS Coll.; J. High Energy Phys. 02 (2017) 135..
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Invisible width constraints on the values of g, g5 and g,.

gt consistent with T'(Z — DD) < T'p®
5549, with g =0, consistent with I'(H — DD) < 'y
gs, with g =0, consistent with [(H — DD) < I'yj"
@gfgs, consistent with I'(H — DD) < I'f" .
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Dark matter relic density.

@ The measured dark matter relic density is
Q5Ph? = 0.1186 £ 0.00203

@ This is the remnant after the decoupling of dark mater from the
primordial soup.

@ The evolution of the dark matter comoving number density
np(T) is given by the Boltzmann equation

dY(z) M3{ov,)(x)

[V*(x) — Yoy ()]

dr H(M)
where M stands for the dark matter mass and
M np M?\/87Gng*(M)
= Y == H(M) = )

e Dark matter relic density is related to Y (zq) by
_ pp(x0) _ Mnp(zo) _ MY (x0)T5
Pe pe pe

Qp

3PDG
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The thermal average (owv,) is given by

1 gpd®p1 _pr [ 958°P2 _p, 7
(ovr) = —5 eq/ (272 e 1/ We Tov,, (3)

npng
where gp (gp)denotes the number of internal d.o.f of the dark matter
particle (antiparticle) and o is the conventional cross section for the
annihilation of dark matter into SM particles.

For non-relativistic dark matter (v, << 1)

Flux = 4+/(p1 - p2)? — M4 = 2(s — M?)v, (4)

where v, is related to s as

1
— 2
The cross section ¢ can be expanded as
ov, = a + bv?, (6)
and performing the thermal average we obtain
60
(ovp) =a+ —, x=M/T. (7)
x
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Annihilation of SODM into SM particles.
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Relic density:.

The relic dark matter density is given by

Oy o ( /16;T§G Zp”_(f) [/TOTf 9*_1/2<UU>dMT} —1 )

The freezing value x; can be found from the condition that the
annihilation rate equals the expansion rate of the universe

neq(zf){ov) () = H(zy), (9)

which using the non-relativistic form for n.,(z) and Eq. (7) leads to

R
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SODM relic density for M < My /2

o Dl:)—wyfy_.
e DD — ff,formy <M < My/2.

(oUp) = (OUp) 7y + Z(UUT>]¢]; =a+b/x
f
with
Nypgim3(M? — m3)/?
127 M3 (M2, — 4M2)?

29Cy g¢
Ty 2.

_ susclygl |~ Nry/ - ronnrtatary sy (4 — 25m + 20024 + )
216w M2 n 864w M5 v2(MZ — 4M?2)2
192A; M?Cw Qgi Mw Mz Sy, (m5 + 2M?) N 96CT, Q97 My, Sty (m% 4+ 2M?)
v2(M2 — 4M?) 2
6M?m7(8g2(4AM? — M7 )(M? — m3) + g2 (—8m%3(M? — M7;) — 11M> M7 + 20M*))
(M2 — 4M?2)3

B 9M2m?cg§(4M2 — 5m?c)]
(M2 — 4M?)?
Ap =273 —4Q;S? By = —27® Cw = cosf Sw = sin 6
! f fFRPw> f f o w W s w W
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Figura 1: Individual contributions of the spin portal (¢: = g, gs = gp = 0)
and the Higgs portal (g: =0, gs = gp = g) to (ov,). Similar results are
obtained in the second case when varying independently gs or g,. We plot
the results for M = 45,30, 20 and 10 GeV, with T'= M /20.
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Solution to the Boltzmann equation.

10" 4 T - 10" 4 —_—
39s=gp=0 3 30 =
E 3 39:=%
10”5 4 1074 ata _
3 . E R 000 oeaesrtsssssmmm—
10° s 10 3 o —
E o8Nt — E 3
>3.<: g—YEQ ) 3 N — Y, r—
10'715 4 Y(x), M=30 GeV, g=10 NN — 10"-g 4 Y(x), M=30 GeV, g =10" +
] & Y(), M=40GeV, g=10* ] 1 & Y(x), M=40Gev, g =10* ]
3 ¢ Y, M=30GeV, g:=10'3 s ¥+ Y. M=30 Gev, g =10° l
10°4 ¢ Y(x), M=40 GeV, g=10° s 10”4 = =10° 4
E (x), M=40 GeV, g=10 E 1 ° Y(x), M=40GeV, g =10
{1 + Y(x),M=30GeV, g=10" 3 i - = =102 3
y () eV, g; ; 1 ] Y(x), M=30 GeV, =10 .
411 % Y, M=40 GeV, g=10 1 .1 * Y&, M=40GevV, g=10" 3
10 —————r 10 e
10° 10’ 10°  10° 10’ 10°
x=M/T x=M/T

Figura 2: Solution of the Boltzman equation for the spin portal (left) and
Higgs portal (right). Similar results are obtained in the later case when
varying independently gs and g,. The solid line corresponds to Y, ().

25/49



Constraint on the values of ¢, gs v g, for M < My /2.

Values of the couplings consistent with the measured dark matter relic
density, Q5P h? = 0.1186 + 0.0020 (solid line), as a function of M.
These constraints exclude masses below 43 GeV for the spin portal,
and 62 GeV for the Higgs portal.
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@ SOMDF and FermiLAT-DES upper bounds on DM annihilation
into 77~ and bb
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Dwarf Spheroidal Satellite Galaxies (dSphs)

e Milky Way dSphs: large DM content, low diffuse Galactic vy-ray
foregrounds, lack of ~-ray production mechanisms.

The ~v-ray flux integrated over a certain region on the sky, in a specific
energy range is given by

1 {ov) maw alN7 / /
= — dE r)dsdf) 11
¢s 47r2M2/E | X lOSPDM S (11)

min

The last term is known as J factor, and can be inferred by fitting the
spatial and color-magnitude distributions of the stars.
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Velocity-averaged cross section for the annihilation of dark
matter into 777~ and bb

3

g2 (M7 — m2)
12703 (M2, — 40M2)
3
3g3my (M? —m3)”

<JUT>I_)b — 127 M3 (M12{ . 4M2)2 + O(<’U%>) (12)

5 +0((v7),

<UUT>T+T—
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Annihilation into fermions and FERMILAT-DES upper

bounds

N
B

— =3
s 9
] 3
PRI ERRTITT EERTITT BRI AERTTTT BT EERTTTT BERTTT ERRTTT BERTTTT BN Nt

(OV)rir- (em®s™)
(OV>bE (cm®s™)

@
S

10

M (GeV)

Figura 3: Velocity averaged cross section for dark matter annihilation into

7777 (left) and bb (right) and comparison with Fermilat-DES upper

bounds, for different values of g5 (Higgs portal). The spin portal yields
contributions even smaller and are consistent with these upper bounds. 30/49
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Direct detection of Dark Matter

The rate of interactions of a DM particle of mass M with a nucleus of
mass M 4 in the detector is given by

drR  p
dT MMy

[ i G

where v, (T') is the minimal velocity of the incoming DM particle to
produce a nuclear recoil energy T, and ves. = 557 km/s is the escape
velocity in our galaxy.
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DM-Nucleus scattering: D(p1)Na(p2) — D(p3)Na(ps)

DvD
H

N, N, N //.\)\ N

A A

e In the LAB system where p; = (E1,p1), p2 = (Ma,0),
p3 = (E3,P3), pa = (Ma +T,pa)
do t
oy PG,
dT’ 32 M s p?

@ The Mandelstam variables in the LAB frame are
s = (E14+Ma)’ —p; =M+ Ma)>+ MMav> + O,
t = T°—|pa|®=—2MaT,
u = (M —Ma)?+2MsT — MMav> + O(v?)
MP(s,t,u) = |MP(T,v?)
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@ For a given incoming momentum pq, the nuclear recoil energy is
given by
2M A M?*v? cos? 6 _ 2MaM?v? cos® 0

T = _ O(v4
(Ey 4+ Ma)? — M?v2cos? 6 (M + M4)? +O(v),

@ The minimal velocity to produce a recoil energy T, vyin(T) is
obtained when 6 = 0.

(]Vf —F—]Vf}q)z T _ M 4

2
T) = S
vmin(T) = =53 212

min

T,

e For a given velocity the maximal 7" produced is
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Nucleus-DM interactions: three layers of effective theory

Calculate the interactions of nucleons in terms of the interactions
of the constituent quarks.

Calculate the interactions of a point-like nucleus in terms of
interactions the constituent nucleons.

Consider the finite size of the nucleus

M = MoFs1(q°),
where Mg is the amplitude for point-like nucleus.

Differential cross section conventionally written in terms of og;

do M4
d_T(T’V> = WUSIE%I(T),

with og; = total cross section at ¢ = 0

2
2\ —12 2

= T =0 i
951 167TM31M2|M| ( v )

Problem: photon pole at ¢2 = —2M T = 0.
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e Experiments start detecting nuclear recoil at a given T' = T,,,;,,-
Expand around this point to get

ﬁ(T7V) — zuaUQJSIFSI(T)a
but now
,LL,24 MI2(T 2
OS] = 167TM1%M2| | ( miny V )

o Careful with the v expansion, v?/T terms.

e XENONI1T, measures the dark matter-nucleus og;. Then,
assuming isospin conserving interactions, report results in terms
of the following observable

My

= AQ,ui

Op OST-
@ It corresponds to the dark matter-nucleon cross section only in
the case of isospin conserving interactions.

e It is not our case. We calculate og; and normalize with the same
factors to calculate XENONI1T observable.
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From quarks to nucleons

At the nucleon level, the effective Lagrangian is given by *

_ _ My _
ﬁgff: Z (gHNNHNN—BNQN’Y'uNAM—2—UZN7M(AN+BN75)NZM>

m
ganN = — |7 ; fj(g) + 2 9—;\], where
_ — _ 102 n

Ap = 2A,+ A;=1—4sin” Oy, f}lj]) f’}q) Agp)
A, = Ay +244=-1, w | 0.023 | 0.019 | 0.77
By = —A®M AWM L AN d | 0.034 | 0.041 | —0.40 |
B, = -AV+A;+AF,

B, = _AEZP) + AP 4 AP,

4M. Cirelli, E. Del Nobile, P. Panci, JCAP Phys. 10 (2013) 019; P. Gondolo, J
Edsjo, P Ullio, L Bergstrom, M Schelke, E. A Baltz, JCAP 07 (2004) 008.
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From nucleons to nucleus

At the nuclear level, the effective Lagrangian is

Ll = HNANA—ZeN sy NaAy— 22 N At (A g+ Bar®)NaZ
eff = IHNANsHNANA—ZeNAYV NAA,— == AV (Aa+Bay’)NaZ,,
with

GHNANs, = Z9tpp + (A — Z)9Hnn,
Ap=ZA, + (A - 2)A,,
Ba=ZB, + (A— Z)B..
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MP(T,v?) = ag + (% N ) V2 4 O(T,vY).

4639 N uMA  29DN 169sgDN A~ 9DN A5 M

= M? —2MM M2
by — 4g2DNA’yMA
0 — ’
3
16AAgDN svIDNAz M3 | 89sgDN4svgDN HMA 20D, Ma
- — - M — 4Ma,).
0 3M2 * 3Mm2, sz 4)
where
IgDNsH = ~—UgHNANy4»
gDN.y = 2Zeg: cos by,
M 7 gy sin Oy
9gDNAZ .

(%
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e The observable o, reported by XENON is given by
1

b
Op 5 [ao L0 vy O(Tmm,v4)] .

Tmin

T 167 AY (M + M,)

- 10-43

-45

-47

|gs=10"° I\ [o=10"\
J 1 ! 2 ! 3

10 10 10 10*
M (GeV) M (GeV)

Figura 4: Observable o, as a function of the dark matter mass for the
Higgs (g¢+ = 0, left panel) and spin (gs = 0, right panel) portals, compared
with the XENONI1T upper bounds. We consider A = 129, Z = 54 and
Tmin = 3 KeV as appropriate for XENON experiment and compare with
the recently published XENONI1T results.
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© Photon signals SOMDF annihilation near the galactic center
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Gamma-ray Emission Excess in the Galactic Center

GC excess, all cases
L — Ajello et al (2016) (fit intensity) ¢ ¢ Gordon & Macias (2013)
| — Ajello etal (2016) (fit index) ¢ & Calore etal (2015)
1079 - % -8 Sample E

(5)
1

-
e

: 1071}
|[:3 o] /

2dN

1078:‘

L L J L MR R L L PRI L 1 ‘.H’
1071 10V 10t 102 108
E (GeV)

Figura 5: Spectrum of the Galactic center excess for different analysis

configurations (M. Ackermann et al. [Fermi-LAT Collaboration| Astrophys.

J. 840, no. 1, 43 (2017) doi:10.3847/1538-4357 /aabcab [arXiv:1704.03910
|astro-ph.HE]].).
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The gamma-ray differential intensity from the annihilation of dark

matter is
dN B; d{ov)
i dldQ
dw <§Z:47TM2 dw /AQ/los

@ The sum runs over all annihilation channels containing at least
one photon in the final state.

@ (ov); is the thermally averaged cross section corresponding to the
1 process, B; is the number of photons produced in the process.

@ The term in the first set of parentheses contains the information
from the model.

@ The second set of parentheses depends only on the distribution of
DM, and it’s called the J-factor.

@ We use the same DM profile ( gNFW ), local DM density
(0.4GeV/cm?® ) and J factor ( 1.53 x 1022GeVZem=° ) as
Fermi-LAT ©.

M. Ackermann et al. [Fermi-LAT Collaboration], Astrophys. J. 840, no. 1, 43
(2017) doi:10.3847/1538-4357 /aabcab [arXiv:1704.03910 [astro-ph.HE]].
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Photons from SODM annihilation

Two body final state

D —>—" "N T D ==3>—" "N Y D ==~ "N 7

D
Y Y Y %[g\__
D === N"r— 7 D === -7z D=—------ H DopEs+.
D y

@ ~y: Sharply peaked spectrum at w = M.

@ vR: Peaks expected at w = M (1 — %) We need to study the

corresponding processes with three body in the final state.

e Interferences can change the shape of the photon spectrum.

@ Depending on the DM mass we can be in the resonance region or
not.
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Three body final state

e Initial state radiation.
D(p1) === NN (k,¢€) D(p1) === NN 7(k,¢€)

Y 7 Y .

f(p3) f(p3)
_ v, Z _ H
s T

f(pa) f(pa)

e Final state radiation.

e Initial state radiation is promising: peak around 3 GeV requires
M = 63 GeV from the Higgs resonance or M = 46 GeV for the
Z° resonance.
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Initial state radiation: results

dN
wz—H(GeV/cmzseg)
dw
10-14+

(GeV/cmzseg)
=
L
3

10-20 t

2 dNy
dw

w
-
9
N
w

0.1 1 10 100
w (GeV)

Figura 7: wQ% as a function of w for

Figura 6: w”2X as a function of w, M fu
for g, = 1073, Gp = gs = 1072, %—j 64 GeV,gy = 1072, g, = gs =

o Leading contributions from the Higgs exchange (O(v?)).
@ Resonant contributions yield the appropriate shape in the

spectrum for M =~ 64 GeV'.

e But the flux is very small compared to the FermiLAT excess.
46/49



Final state radiation: Preliminary results.

dN
wZ—H(GeV/cmzseg)
dw

Figura 8: wQ% as a function of w, M

for g, = gs = 1072,

—  Ajello et al (2016) (fitintensity) ¢ ¢ Gordon & Macias (2013)
— Ajello et al (2016) (fit index) ¢ ¢ Calore etal (2015)
# 4 Sample

M=62.53 GeV

dN
w?— (GeV em2 s7")
3
1,

dw

_.
9
&

— Higgs Contribution,

gs=10"2, g,=10"2

107 10° 10’ 10?
w (GeV)

Figura 9: w?49Y as a function of w for

dw
M = 64.53 GeV, g, = gs = 1072
compared to FermiLAT results.

@ Flux of the order of the FermiLAT excess is obtained only for
M =~ My /2, i.e. at the Higgs resonance.

@ The shape of the spectrum is different at high energies.

@ Definitive results requires to calculate all the contributions,
specially those diagrams with hadronic resonances.
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© Conclusions.
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Conclusions

e We propose an unconventional (1,0) & (0, 1) space-time structure
for dark matter: spin-one matter dark fields.

@ The singlet-singlet principle for the effective field theory of SM
fields interacting with SOMDEF' at leading order yields:

@ A spin portal : coupling of v, Z° to higher multipoles of DM.
© A Higgs portal with two couplings gs (scalar interactions) and g,
(pseudoscalar interaction).
e Consistency of Invisible widths of Z°, HY and DM relic density
constrain M > 43GeV and g; < 1072,

e XENONIT yield stronger constraints on the spin portal coupling
(depending on M) gr < 1073, similar constraints for g, and no
constraints for g, or M.

e FERMILAT-DES upper bounds on DD — 777, bb from gamma
rays produced in dwarf spheroidal satellite galaxies (dSphs) are
satisfied.

e If GRE from the galactic center is produced by DM annihilation,
SODM can account for it only if M = My /2. Preliminary.
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