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Introduction: the dark matter stability puzzle

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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Introduction: the dark matter stability puzzle

Among the many particles species produced after inflation, only very few
have survived until today

particle Lifetime Decay channel Theoretical justification

proton |75>8.2x10%* years| p—e*n® Baryon number conservation

electron |7>4.6x10% years €YV Electric charge conservation
neutrinos | 7z10'* years Vo yy Lorentz symmetry conservation
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Introduction: the dark matter stability puzzle

Among the many particles species produced after inflation, only very few
have survived until today

}

}

particle Lifetime Decay channel Theoretical justification

proton |75>8.2x10%* years| p—e*n® Baryon number conservation

electron |7>4.6x10% years €YV Electric charge conservation
neutrinos | 7z10'* years Vo yy Lorentz symmetry conservation

neutron | 7=885.7+0.8s | n »>p v, e |Isospin symmetry mildly broken.
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Introduction: the dark matter stability puzzle

Some possible solutions:

¢ The dark matter is very light. Lifetime naturally long due to
the small phase space available for the decay (axion, sterile neutrino)

¢ Dimension 4 operators inducing decay accidentally not present in the
Lagrangian (as 1s the case of the proton in the Standard Model)

Higher dimensional operators may induce the dark matter decay.
For a dimension six operator suppressed by a large scale M,

5 +
o TV M
| mMpm 1015 GeV

e The dark matter is in a specific gauge representation (fermionic 5-plet).
Fermionic 5—plet, Einasto profile Cirelli et at.'05

Tension with y-ray
observations?

Dark Matter Fraction

. o Garcia-Cely et at.'15
] > 10 20 Cirelli et at.'15




Introduction: the dark matter stability puzzle

However, none of these schemes apply for the simplest WIMP scenarios:

e Real scalar singlet ¢: £ D ug(H'H)
e Scalar doubletn: £ > p?(H'n+n'H)

e Fermion singlet : £ D> yLH + h.c.
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conserved global symmetry.



Introduction: the dark matter stability puzzle

However, none of these schemes apply for the simplest WIMP scenarios:

e Real scalar singlet ¢: £ D

e Scalar doublet : £ > p?

e Fermion singlet : L D y

S
i <d

Common approach: impose that the DM 1s charged under some
conserved global symmetry.

This argument holds in flat spacetime



Introduction: the dark matter stability puzzle

Potential caveat:

e Any dark matter model must be
embedded 1n curved spacetime.

e Global symmetries might not be exact
in curved spacetime.

(no-hair theorem, Hawking radiation...)

=) Dark matter decay



Introduction: the dark matter stability puzzle

Potential caveat:

e Any dark matter model must be
embedded 1n curved spacetime.

e Global symmetries might not be exact
in curved spacetime.

(no-hair theorem, Hawking radiation...)

=) Dark matter decay

What is the impact of curvature

on the dark matter stability?




Dark Matter in curved spacetime

Classical action of the SM extended with a DM field in flat spacetime

S — /d4T (ESM =t LDM)



Dark Matter in curved spacetime
Classical action of the SM extended with a DM field in flat spacetime

ﬁDM)

Lsvy=Tr+Ts+Tg+Ly —Vu

1
7.-F — __?Tu nAPFﬂAFEp

4

Tu =" (D, H)' (D, H)
Ly = —fr.H fr + h.c.
Vy=—p*H'H + XNH'H)?

‘;D — '}/FJD,LL




Dark Matter in curved spacetime

Classical action of the SM extended with a DM field in flat spacetime

Lsvy=Tr+Ts+Tg+Ly —Vu

1
7} — _17?'“ n/\pF,u).FL?p

ﬁDI\,{ — 7:9 + ﬁgg + ﬁint(ipn X)

For a singlet real scalar

1
7; = 5?}'””(3&)(3@)

1 1
E(‘Q = —5?’?’13}@2 — 1)\(15651

Ty =n"(D,H)(D,H)
Ly = —fr.H fr + h.c.

Vi = —p*H'H + \N(H'H)?
D =~"D,

1
Ling = —§A¢H¢2(HTH) — pgpd(H'H




Dark Matter in curved spacetime

Classical action of the SM extended with a DM field in flat spacetime

Lsvi=Tr+T;+Tu+Ly — Vi Lom =T, + Ly + Ling (0, X)

1 :
Tr = —17}“"?}’\"’ FiFy, For a singlet real scalar

1
7; = 5?}'””(3&)(3@)

1 1
E(‘Q = —5?’?’13’@2 — 1)\@{,&4

Ty =n"(D,H)(D,H)
Ly = —fr.H fr + h.c.

Vi = —p*H'H + \N(H'H)?
D =~"D,

1
‘f’int — _EAQbH(bz(HTH) — Heo

We assume that the DM transforms under an unbroken global
symmetry = the DM is stable in flat spacetime.



Dark Matter in curved spacetime

Simplest extension to curved spacetime

R
S = /d4T, /—@q (_W -} ‘E'SM + LDM)



Dark Matter in curved spacetime

Simplest extension to curved spacetime

Lsvy=Tr+Ts+Tg+Ly —Vu

1
Ly Ap a roa
—79 9 F,LL);FLJ,U 3

4

= ¢"(D,H)(D,H) ,
— _f_LHfR -+ h.C.
—*H'H + N(H'H)’
i .
Y = 5 el (Db (D))




Dark Matter in curved spacetime

Simplest extension to curved spacetime

ﬁDI\,{ — 7; + ﬁcp + ﬁint((fon X)

For a singlet real scalar

T, = 50" (0u8)(0,0)

TH — Q'HH(DFLH)T(DUH) :
Vi = —p’H'H + \(H'H)?
Y = el (D el (0, o)




Dark Matter in curved spacetime

Simplest extension to curved spacetime

ﬁDI\,{ — 7; + ﬁcp + ﬁint((fon X)

For a singlet real scalar

7;9 = %gﬂ'y(aﬁ@) (0,9)

= g;i'y(DﬂH)T(DuH) )
— _f_LHfR -+ h.C.
—*H'H + N(H'H)’
Y = el (D el (0, o)

With this extension, the DM is still absolutely stable



Dark Matter in curved spacetime

The extension to curved spacetime 1s nof unique. The action
could also include a non-minimal coupling term to gravity.

o — /déi“r\/i (— + Loy + frDM—fRF; )&‘2)

In the limit of flat spacetime, g, 7,,, R—0 DM  SM

S = /dg-’ﬂ (Lsm + Lom)
We consider the case where F(p,X) is linear in ¢

— Dark matter decay via a “gravity portal”.

Other non-minimal coupling terms, such as R°F, R*’0,¢0,¢ are
higher dimensional and will not be considered here.



Dark Matter in curved spacetime

Action 1n the Jordan frame:

5= /d4T\/7 (— + Lsm + Lom—ERF(p )i)>



Dark Matter in curved spacetime

Action 1n the Jordan frame:

R g
S = /d%ﬁ/—g (—2-—*%‘2-92({3. X)+ Lsm + EDM)

V(p, X) = 1+ 26°CF (p, X)

Field equations in the Jordan frame:

1 |
Rp[.u T 59'#.;;]% — W(HT#U + g#_yV2£22 — V#_VUQQ)
oL oL 1 090’
\% = —R

OV, Do 2w Op



Dark Matter in curved spacetime

Action 1n the Jordan frame:

R
S = d‘imw—g (——QZ(;;J. X) + Lgm + ﬁDm)

2K
V(p, X) = 1+ 26°CF (p, X)
Field equations in the Jordan frame:

1 1
Ryw = 59u R = @(HTW + ¢,V -V, V, 07

1007
0L 9L 1.0

YOV, Op 267 Dy

Redefine the metric
gpw =’ Guv



Dark Matter in curved spacetime

Action 1n the Einstein frame:

3~ - - -
> /d4T‘ ( 22 QQQ(V#Q)(V#Q)+£SM+£DM)

The DM field decouples from the curvature operator.

~ 1 ~_ ~
RHU — §Rg‘u_y — HQT#H
- 9L 0L
Vy—=—— = =0
OV,p 0O

The field equations take the familiar
form 1n the Einstein frame



Dark Matter in curved spacetime

The SM Lagrangian Lsuin the Einstein frame

~a a
eﬂ—Qeﬂ

|

~.
5
)

1 v a ra
Tr = _ig‘u gAngAFup

Ti=3iV/




Dark Matter in curved spacetime

The SM Lagrangian Lsuin the Einst

4 Einstein Frame ‘

Upon expanding Q°(p, X) = 1 + 2x*¢F (¢, X)

for small values of the DM field ¢, one finds
terms inducing decay into SM particles.




Singlet scalar dark matter

We consider a singlet real scalar field ¢ in flat spacetime

1 y Silveira, Zee '85
L= Enwc‘?“gf)c‘? ¢—V(p, H) McDonald '07
We assume that the potential V is invariant under the transformation ¢— —¢

1 1 1
Vo, H) = §Hi¢‘2 + E)\qbfi’d + §A¢H¢2(H*H)

¢ 1s absolutely stable and constitutes a dark matter candidate

|"',1""|'!"'|'
For reasonable choices of the l ,
parameters, the predicted relic
abundance from thermal freeze-out
1s 1n agreement with the observed

DM abundance Q. #*=0.12.
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2.0 2.5 3.0 3.5
logy(ms/GeV) Cline et al. '13



Singlet scalar dark matter

We consider the following extension of the singlet DM model
to curved spacetime

R
S = /d4T\f —( (_th + Loy + »CDEI(E;\[R@)

. J \ )
Y ) 4

preserve Z, break Z,

In the limit of flat spacetime, 9™ My R—0,
the Z, symmetry becomes exact

Impact of the term —{M F¢ on the DM stability?



Singlet scalar dark matter

Action 1n the Jordan frame:

R
= /dém«./—g (—ﬁSEQ(p.X) + Lsm + £DM)

O2(¢) = 1 + 2K2EM ¢

Action in the Einstein frame:

3 ~ - _ —~—
S /d4T1f (—— + -2()2 (VHJQ)(V”Q) + £SM + £DM)

QK2

£SM TF + g)—%’?} + —TH + —(£Y — VH)

()2 ()4




Singlet scalar dark matter: decay channels

From Higgs kinetic term: ~ ¢ Ty

From fermion kinetic term: ~ ¢ 7T;

u, e, t,

..............




Singlet scalar dark matter: some remarks

@ In the Einstein frame, the gauge kinetic terms do not pick a factor ().

. R
Lsv =Tr + 0—37} + @TH + 9—4(1:}/ — Vi)

A~

= No tree-level decays into
massless gauge bosons.



Singlet scalar dark matter: some remarks

@ In the Einstein frame, the gauge kinetic terms do not pick a factor ().

1 1
—(Ly — Vg

Lsv =Tr + (}37} + OZTH + — 04

_ H
= No tree-level decays into b
massless gauge bosons.
L

R I
V=2WH
However, there are decays into 7
massive gauge bosons through ¢ ... ...
the Higgs kinetic terms, and v

after symmetry breaking. V=ZWF



Singlet scalar dark matter: some remarks

@ The non-minimal coupling to gravity provides a theory of DM decays
Effective field theory
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Singlet scalar dark matter: some remarks

@ The non-minimal coupling to gravity provides a theory of DM decays

Effective field theory
¢ — 7Y My,
Mp~*
| ez ,
b — 99 =G, G¥
A
¢6— 27 L
Mp
Af
¢— 27 2247, 7"
Mp
; N A r i
6— f] Lofdf +he

Mp



Singlet scalar dark matter: some remarks

@ The non-minimal coupling to gravity provides a theory of DM decays

Effective field theory Non-minimal
coupling to gravity

/\’YT v

¢ — 7Y ——ok,, F* Ay =0 (tree — level)
Mp
A

¢ — g9 —= G, G* Agg =0 (tree — level)
Mp
A

&~ 27 %@ZWZW Azz =0 (tree — level)

P

)\f

A Aji 02, 7" Ny, = 2626 Mm>

_ Aff_ r 2
‘i’_}ff E@f@f—l—h.(}. )\fJE:H: {]\/Imf

No new mediators: only gravity



Singlet scalar dark matter: some remarks

@ The non-minimal coupling to gravity provides a theory of DM decays

=5 T

6 I




Singlet scalar dark matter: branching ratios

1 —

- 779 ff'W+ffz
Decay mode Rate proportional to I
¢ — hh, WW,ZZ my 0.50
¢ ff myme ‘ A2 I
& — hhh UQ_n1¢ NVWhh+ZZhh
¢ — WWh,ZZh Tg /;ﬂ 2 =
¢ — f{fz B -mf:?qb/;
qbﬁ‘-fi W, ffZz mqs/;,!
¢ — hhhh m3 [ .
¢ — WWhh, ZZhh mi Jv* {\

1 10 100 1000 104 10° 106

mg [GeV]



Singlet scalar dark matter: limits

Decay rate:

1—‘tot

3 Ag2...3
£ M my

NSI

M3

M €

Qg
2nq ,
.

o:s

1+2n, —

mg ~ 1 — 200 GeV,
g 0.2 —1 TeV,

mg ~~ 1.— 100 TeV,

iy = > 100 TeV,



Singlet scalar dark matter: [imits

mg ~ 1 —200 GeV,
mg ~ 0.2 —1 TeV,

Decay rate:

(

mg ~ 1 — 100 TeV,

. mg =100 TeV,

|

EM
108s \ M

M,

2 ——
) ( 100 GeV)




Singlet scalar dark matter: [imits

102

mg ~ 1 —200 GeV,
mg ~ 0.2 —1 TeV,

mg ~ 1 — 100 TeV,

mg > 100 TeV,

1 10

100

mg [GeV]

1000 104
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Singlet scalar dark matter: limits

Stronger limits on the decay width from the non-observation of an exotic
component in the cosmic gamma-ray, antimatter and neutrino fluxes.

We conservatively impose a lower limit on the rate T'-! 2 10?4 s, for
DM masses between 1 GeV and 1016 GeV.

EJ™ — E;™ (TeV) | Nog | Nig | Mimit | w0
AMANDA | 16 —2.5 x 10° 6 | 7 | 54 .
IeceCube-22 | 340 —2 x 10° 06 | 3 | 6.1
IceCube-40 | 2 10° =63 x10° | 0.1 | 0 | 2.3 o4
Auger 10° — 10° 0 0 2.3 -
ANITA 10°—-3.2x 10" | 097 1 | 33 "

W0 5 , = s :
w? w' ' e w o ow w o w w 1wt 1w 10 " 1w ' e e

Mg (TeV)

Esmaili et al'l2



Singlet scalar dark matter: [imits
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- mg ~ 1 — 200 GeV,

8x 10-10 (M )2 0021 TeV,

5/2
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45 10718 (e Y ', mg 2 100 TeV.




Singlet scalar dark matter: [imits

1049 F
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Mp|™ 12x 1074 (f55) ™%, my ~1-100 TeV,

10 m —7/2
(4 x 10 = (100 %ev) , mg 2 100 TeV.



Some ways-out

e £ small. What 1s the theory behind non-minimal coupling to gravity?



Some ways-out

e £ small. What 1s the theory behind non-minimal coupling to gravity?

o M small. E.g. inert doublet dark matter model

Consider a scalar field, n, with identical gauge quantum numbers as the
Standard Model Higgs boson, and charged under a discrete Z, symmetry

R R .
S = /d4ﬂf'v —g (—ﬁ + Lsm + Lom—ER(H'n + ?"?'H))

. J/ \ J
Y Y

preserve Z, break Z,




Some ways-out

e £ small. What 1s the theory behind non-minimal coupling to gravity?

o M small. E.g. inert doublet dark matter model

Consider a scalar field, n, with identical gauge quantum numbers as the
Standard Model Higgs boson, and charged under a discrete Z, symmetry

R R .
S = /d4ﬂf'v —g (—ﬁ + Lsm + Lom—ER(H'n + ?"?'H))

. J/ \ J
Y Y

preserve Z, break Z,

In the Einstein frame, one finds

- o . 3~ =
Loy D —26%€(H'p+n'H) [57} + T+ 2(Ly — VH):|

M= (H"Y < Mp



Some ways-out

e £ small. What 1s the theory behind non-minimal coupling to gravity?

o M small. E.g. inert doublet dark matter model

10° £

10 104 107 1010 1013 1016

mpy [GeV]

(If &>1, indirect signals might be detected)



Some ways-out

e £ small. What 1s the theory behind non-minimal coupling to gravity?
o M small. E.g. inert doublet dark matter model

e Low mass dark matter. Decay rate suppressed by the DM mass. But
decays lead to sharp gamma-ray spectral features < strong limits.

1010 10! g
108 - my=500 MeV __.==+ 15
7108 ’ -
- - 10-1 ¢
To10tt E
S - my=50 MeV g
Z 102 -~ e
a — ‘o' ’/’ 1 ] L £
- L o' - ll i _3 =
5 1 INTEGRAL " .-~ ! : e
.-.ec 10—2 - '.’ H-’!” OMPTEL ‘I EGRET :. 104 ;
w0 ' . =
107% - mg=5 MeV I Fermi LAT 105 B
- I : =
106 - ‘ . 2

IAI“ LI L L LIt [ RN [ AR | I!IIIIII L .l[.}_ﬁ_ 1 | | [ 1 [ 1 1

10-3 102 10-1 1 101 102 103 1 101 102

E [MeV] mg [MeV]



Some ways-out

e £ small. What 1s the theory behind non-minimal coupling to gravity?
o /I small. E.g. inert doublet dark matter model

e Low mass dark matter. Decay rate suppressed by the DM mass. But
decays lead to sharp gamma-ray spectral features = strong limits.

e DM stability due to a gauge symmetry (not by a global symmetry).

< Dark matter production and signals also
determined by the gauge interactions



Conclusions

e Global symmetries are usually invoked to stabilize DM particles. However,
gravitational effects might violate global symmetries. What is the impact of
space-time curvature on the DM stability?

e We have investigated the impact on the DM stability of a non-minimal
coupling term to gravity, proportional to the scalar curvature.

e This scenario leads to DM decay with decay branching ratios which only
depend on the DM mass.

e For singlet scalar DM, observations require the non-minimal coupling
parameter to be tiny, especially for large masses. The doublet scalar and
the fermion singlet are naturally more protected against decay.



Comparison among models

dim. 2 dim. 2
N
—&{R (M) for scalar singlet
Le=(¢—ER(H'p+he) for scalar doublet
| —§R ﬂjg (LHY +h.c.) for fermion singlet

1045

£=1

M= p

v telescypes

1015 ¢

scalar doublet
fermion singlet

109

104 107 1010 1013 1016

mpM [GeV]



Comparison among models

dim. 2 dim. 2
Sl
—&{R (M) for scalar singlet
Le=(¢—ER(H'p+he) for scalar doublet
| —§R ﬂjg (LHY +h.c.) for fermion singlet

scalar singlet

g 1071('} o
. scalar doublet

10-15 - fermion singlet -

1 ] R - — S W
10 104 107 1010 1013 1016
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