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« Never underestimate the joy 
people derive from hearing 

something they already know.»
E. Fermi

« The true laboratory is the 
mind, where behind illusions 

we uncover the laws of truth.»
J.C.  Bose

pioneer in radio signals
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India became (officially) since yesterday  
associate member of CERN



A tribute to Vera Rubin

Vera Rubin  
(1928-2016)
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The first DM paper
Contrarily to the common belief, the first time the word « dark matter » is proposed in a 
scientific paper is not Oort in 1932 but Poincaré in 1906.  Indeed, Lord Kelvin in 1904 

had the genius to apply the kinetic theory of gas recently elaborated, to the galactic 
structures in his Baltimore lecture (molecular dynamics and the wave theory of light). 
Poincaré was impressed by this idea and computed the amount of stars in the Milky 

way necessary to explain the velocity of our sun one observes nowadays.
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Using the viral theorem, Poincaré computed first the density of stars around the sun, 
then supposing it constant, the radius of the sun to the galactic center, and then the 
number of stars in the Milky Way (~109) corresponding to the observations, thus 

discrediting the existence of dark matter, or dark stars.  



Where are we now?



1 

The direct detection race



December 2015, the LUX collaboration released the best limit on direct 
detection cross section : 6 x 10-46 cm2 for a WIMP mass of 40 GeV 

July 2016, PANDAX-II, after having 
eliminated the Krypton background early 
2016 (by distillation) reached 2.5 x 10-46 
cm2 for a WIMP mass of 40 GeV (March 
to June 2016 campaign, run 9). One order 

(!!) of magnitude better than in 2015.

6

erally conservative in o�cially reporting the first limits
in this article. WIMP NR modeling with a tuned NEST
could result in an even more stringent limit (see Fig. 16
in Supplemental Material [[14]]), and a more elaborated
treatment of FV cuts would also help.
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FIG. 5: The 90% C.L. upper limits for the
spin-independent isoscalar WIMP-nucleon cross sections
from the combination of PandaX-II Run 8 and Run 9
(red solid). Selected recent world results are plotted for
comparison: PandaX-II Run 8 results [5] (magenta),
XENON100 225 day results [22] (black), and LUX 2015
results [4](blue). The 1 and 2-� sensitivity bands are
shown in green and yellow, respectively.

In conclusion, we report the combined WIMP search
results using data from Run 8 and Run 9 of the PandaX-
II experiment with an exposure of 3.3⇥104 kg-day. No
dark matter candidates were identified above background
and 90% upper limits were set on the spin-independent

elastic WIMP-nucleon cross sections with a lowest ex-
cluded value of 2.5⇥10�46 cm2 at a WIMP mass of
40 GeV/c2, the world best reported limit so far. The
result is complementary to the searches performed at
the LHC, which have produced various WIMP-nucleon
cross section limit in the range from 10�40 to 10�50 (c.f.
Refs. [23] and [24]), dependent on the dark matter pro-
duction models. The PandaX-II experiment continues to
take physics data to explore the previously unattainable
WIMP parameter space.
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August 2016, LUX released a new 
analysis, giving slightly better limit 

than PANDAX-II:



…
August 2016, the XENON collaboration claimed that the latest 332 days 
LUX limit will be reached by XENON 1T by the end of the year, in less 

than 20 days!!   

XENON1T Sensitivity Projection

M. Lindner MPIK IPA, LAL Orsay. Sep. 5-9, 2016 43

and then 
XENONnT
à 20ty
à x10

is built while 
XENON1T is
running; 
reuses most 
parts è faster



…
September 2016, LZ (LUX + ZEPLIN) collaboration confirmed that they obtained 
the DoE approval, beginning the hunt in 2020. LZ consist of 10 tons detector. The 

entire supply of XENON is already under contract and will be supply under the help 
of the South Dakota sate. 
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About 25 days of data will be enough to catch up and then move on
Generic WIMP parameter space will be covered soon è ?
Systematically lowering the x-section (symmetry, tuning,…)? ßà WIMP miracle?

LZ à see talk by
V. Kudryavtsev



No oscillation observed at XENON100

Which exclude DAMA signal at 5.7σ 6
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FIG. 5. The XENON100 best-fit black dot, and 68% (light
red shaded region) and 90% (green shaded region) confidence
level contours as a function of amplitude and phase relative
to January 1, 2011 for one year period. The corresponding
Run II-only results [10] are overlaid with a black square and
dotted lines. The phase is less constrained than in Run II
due to the smaller amplitude. The expected DAMA/LIBRA
signal (cross, statistical uncertainty only) and the phase ex-
pected from a standard DM halo (vertical dotted line) are
shown for comparison. Top and side panels show ��(TSl) as
a function of phase and amplitude, respectively, along with
two-sided significance levels.
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Darkside : maybe, but I won’t see it
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The indirect detection status



Latest result by FERMI in May: nothing
   Aldo Morselli,  INFN Roma Tor Vergata                                        DSU 2016                                       28 July 2016 	 17	

DM limit improvement estimate in 15 years with the composite  
likelihood approach (2008- 2023) 

15 Years, 45 dwarfs 

E. Charles et.al, Phy Rep. 636 2016, arXiv:1605.02016  



AMS : nothing

but	if	models	are	tuned	on	AMS	...	
•  3	possible	

models:	
always	some	
tension	with	
data	but	no	
evident	effect	

DSU	-	Bergen	2016	 Marco	Incagli	-	INFN	Pisa	 18	

11#S.#Lombardi#(INAF1OAR#&#ASDC),#Dark#Side#of#the#Universe#2016,#Bergen,#25129#July#2016#

Dark)Ma.er)searches)with)MAGIC)

JCAP 02 (2016) 039!

 #Combina@on#of#observa@ons#by#
o MAGIC:#Segue#1#(158#h)#
o Fermi1LAT:#15#dwarfs#(6#years,#Pass8)##

 #Coherent#limits#on#the#annihila@on#
cross1sec@on# for# dark#ma[er# par@cle#
masses#between#10#GeV#and#100#TeV#
(widest#range#so#far#explored)#

  # In# the# intermediate# mass# range#
(few#hundred#GeV#to#few#tens#TeV)##
improvement# of# the# combined# limits#
with#respect#to#the#individual#ones#by#
a#factor#~2#

 #Annihila@on# limits# for#DM#par@cle#
masses#below#O(1)#TeV#dominated#by#
Fermi1LAT,# above#O(1)# TeV#by#MAGIC#
(and#IACTs,#in#general)#

MAGIC#and#Fermi1LAT#combined#analysis#

MAGIC : nothing

[Charles+, Phys.Rept. 636 (2016)]
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Figure 28: Comparison of projected dSph stacking limits with current and future IACT limits from CTA for the bb̄ (left) and
⌧+⌧� (right) channels. The dashed black curve shows the expected limit from the analysis of the artificially expanded target
described in §4.5.2 for the 15-year data set. IACT limits are in red and taken from [281, 282]. The limits derived from the
Planck data [13] are in gray. Finally, favored contours for several Galactic-center analyses are included for comparison.

instruments such as PAMELA and AMS-02 with results from �-ray data is complicated as the constraints on
the DM annihilation are dominated by systematic modeling uncertainties. As an example, the measurement
of the ratio of anti-protons to protons, �(p̄)/�(p), could in principle be used to probe cross sections below
the thermal relic level. In practice, however, the constraints based on cosmic-ray data have large modeling
uncertainties and are quite model dependent (see Figs. 29 and 30).

Figure 29: Combined total uncertainty on the predicted secondary p̄/p ratio, superimposed on the PAMELA [283] and AMS-
02 [284, 285] data. This figure appeared as Fig. 2 of Ref. [286]; additional details about the uncertainty bands may be found
in that work; reproduced under the Creative Commons attribution license.

Similarly, the ratio of positron to electron fluxes has been measured by the LAT [28], AMS-02 [289, 290]
and PAMELA [291] and is potentially sensitive to DM interactions. The observed positron to electron flux
ratio rises steadily from ⇠ 5% at 1GeV to ⇠ 15% above 100 GeV, suggesting the injection of high-energy
positrons into the interstellar medium. Similarly to the situation with anti-protons, the interpretation of the
rising positron fraction and implied constraints on DM annihilation are dominated by systematic modeling
uncertainties, see, e.g., Refs [292–295] for discussion of the interpretation of the positron excess.

In summary, the LAT data, and in particular the analysis of the dSphs provide the best current constraints

37

Outlook - LAT & CTA

44

0.3% syst error

b-quark channel

HESS : 
nothing

CTA : ??
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At least optimism…



Pool at IFT workshop, September 2016

IFT workshop, « Is SUSY alive and well? »

06/10/2016 13:50Is SUSY alive and well? - IftWorkShops | Workshops in the Institute of Theoretical Physics - UAM/CSIC

Page 5 sur 8https://workshops.ift.uam-csic.es/susyaaw/Survey

At least optimism…



Consequences on Model Building



Developing a microscopical approach

Ockham’s razor (lex parsimoniae) principle :  
« Pluralitas non est ponenda sine necessitate » 

Among competing hypotheses, the one with the fewest assumptions 
should be selected  

(everything should be made as simple as possible..) 

Dark matter couple only with the Standard Model (SM) particles : 
Higgs-portal, Z-portal, sterile neutrino. Consequences on observables 

are strong:  
Invisible width of the Higgs/Z, LHC/LEP production in the case of 

portal models, instability and production of monochromatic photons in 
the case of sterile neutrino.

On which principle should we extend the microscopic interaction?

Ockham, in Cambridge  
13th century
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Z-portal : fermionic DM

mediated dark matter models. In Sec. 3, we consider fermonic, scalar and vector dark matter
candidates that are coupled to the SM Higgs boson. Across this class of models, we again
find that the overwhelming majority of the parameter space is experimentally excluded, with
the exception of scenarios in which the dark matter lies near the Higgs pole (mDM ' mH/2),
the dark matter is a scalar (vector) heavier than 400 GeV (1160 GeV) with a Higgs portal
coupling, or the dark matter is a fermion with largely pseudoscalar couplings to the SM
Higgs boson. In Sec. 4 we discuss some caveats to our conclusions, including scenarios with
a non-standard cosmological history, or models in which the dark matter coannihilates with
another particle species in the early universe. We summarize our results and conclusions in
Sec. 5.

2 Z Mediated Dark Matter

2.1 Fermionic dark matter

We begin by considering a dark matter candidate, �, which is either a Dirac or a Majorana
fermion with the following interactions with the SM Z:

L � ⇥a�̄�µ(g�v + g�a�
5)�
⇤
Zµ, (2.1)

where a = 1 (1/2) in the Dirac (Majorana) case, and g�v and g�a are the vector and axial
couplings of the dark matter, respectively. Note that g�v is necessarily equal to zero in the
Majorana case. These couplings allow the dark matter to annihilate through the s-channel
exchange of the Z, into pairs of SM fermions or, if the dark matter is heavy enough, into ZZ,
W+W� or Zh final states. In Fig. 1 we plot the fraction of annihilations which proceed to
each final state, as evaluated in the early universe (at the temperature of thermal freeze-out)
and for v = 10�3 c (as is typically relevant for indirect detection). Throughout this paper,
unless otherwise stated, we use version 4.2.5 of the publicly available code MicrOMEGAS [1]
to calculate all annihilation cross sections, thermal relic abundances, and elastic scattering
cross sections.

In Fig. 2, we explore and summarize the parameter space within this class of models.
In each frame, the solid black line represents the value of the dark matter’s coupling to the
Z (g�v or g�a) for which the calculated thermal relic abundance is equal to the measured
cosmological dark matter density, ⌦�h

2 = 0.1198±0.0015 [2]. If m� < mZ/2, we can further
restrict the couplings of the dark matter using the measurement of the invisible Z width.
The predicted contribution from Z decays to dark matter is in this case is given by:

�(Z ! ��̄) =
amZ

12⇡

 
1� 4m2

�

m2
Z

!1/2 "
g2�a

 
1� 4m2

�

m2
Z

!
+ g2�v

 
1 +

2m2
�

m2
Z

!#
, (2.2)

where again a = 1(1/2) for dark matter that is a Dirac (Majorana) fermion. In the shaded
regions appearing in the upper left corner of each frame of Fig. 2, the predicted invisible
width of the Z exceeds the value measured at LEP by more the 2�, corresponding to a
contribution of �inv

Z > 1.5 MeV [3]. Combined with relic abundance considerations, this
constraint translates to m� > 25 GeV (32 GeV) for the case of a purely vector (axial)
coupling to the Z.

Direct detection experiments provide a powerful test of dark matter candidates with
non-negligible couplings to the Z. After integrating out the Z, the e↵ective interaction
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Figure 2. Constraints on the mass and couplings of a fermionic dark matter candidate that annihilates
through the Z. The solid black contours indicate the value of the coupling for which the thermal relic
abundance matches the measured cosmological dark matter density, ⌦�h

2 = 0.12. The shaded regions
are excluded by the measurement of the invisible Z width. The left and right frames depict the cases of
a purely vector or axial coupling between the dark matter and the Z, respectively. The vast majority
of this parameter space is excluded by the current constraints from LUX and PandaX-II [4, 5]. The
only currently viable region (m� = 40�48 GeV with g�a � g�v) is expected to be probed in the near
future by XENON1T [6].

Together, these constraints rule out the vast majority of the parameter space for fer-
monic dark matter candidates that annihilate through Z exchange. After accounting for
these constraints, we find that an acceptable thermal relic abundance can be obtained only
in the near-resonance case (m� = mZ/2) with g�a � g�v. Furthermore, we expect that
this remaining case will be probed in the near future by direct detection experiments such
as XENON1T [6]. It is interesting to note that within the context of the MSSM, a bino-
like neutralino (with a subdominant higgsino fraction) can possess the characteristics found
within this scenario [7].

In the narrow region of viable parameter space found within this class of models, the
dark matter annihilates with a cross section that is chirality suppressed in the low-velocity
limit, �v / (mf/m�)2, leading such annihilations to proceed mostly to bb̄ final states. In
the mass range near the Z-pole, the low-velocity cross section is very sensitive to the value
of the dark matter’s mass (for analytic expressions of this cross section, see the Appendix of
Ref. [13]). In Fig. 3, we plot the e↵ective low-velocity annihilation cross section (as relevant
for indirect detection) for fermonic dark matter with an axial coupling to the Z.2 For masses
in the range not yet excluded by LUX or PandaX-II (41-46 GeV or 40-48 GeV for Dirac or

the case of equal couplings to protons and neutrons, we have translated these results to apply to the models
at hand. It is interesting to note that a cancellation in the vector couplings of the Z to up and down quarks
leads to a suppression in the e↵ective coupling to protons. In particular, Z exchange leads to the following
ratio of cross sections with neutrons and protons: �n/�p ⇡ (2gdv + guv)

2/(2guv + gdv)
2 ⇡ 180. We also note

that since xenon contains isotopes with an odd number of neutrons (129Xe and 131Xe with abundances of
29.5% and 23.7%, respectively), this target is quite sensitive to spin-dependent WIMP-neutron scattering. To
constrain spin-dependent scattering, we converted the results of the most recent spin-independent analysis
presented by the LUX collaboration [4].

2By “e↵ective” annihilation cross section we denote the value for the case of identical annihilating particles
(Majorana fermions). For a Dirac fermion (or a complex boson), the actual particle-antiparticle annihilation
cross section is equal to twice this value.
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Figure 3. The e↵ective low-velocity annihilation cross section (relevant for indirect detection) for
Dirac or Majorana dark matter with an axial coupling to the Z. We note that for the masses in the
range not yet excluded by LUX or PandaX-II, this cross section can take on values across the range of
�v ' (0.14�6.5)⇥10�27 cm3/s, below the constraints derived from Fermi and other existing indirect
detection experiments [8–12]. We also show the current constraint from Fermi’s observation of dwarf
spheroidal galaxies [9].

Majorana dark matter, respectively), this cross section can take on values across the range of
�v ' (0.14�6.5)⇥10�27 cm3/s, below the constraints derived from Fermi and other existing
indirect detection experiments [8–12]. Within this potentially viable mass range, however,
it may be possible for annihilating dark matter to generate the gamma-ray excess observed
from the region surrounding the Galactic Center [14–20] (see also Ref. [21]).

2.2 Scalar dark matter

A complex scalar dark matter candidate, �, can couple to the Z through the following
interaction:

L � i g��
†$@µ�Z

µ + g2��
2ZµZµ. (2.4)

The annihilation cross section to fermion pairs in this case is suppressed by two powers of
velocity, and values of g� that lead to an acceptable thermal relic abundance are shown as a
black solid line in the left frame of Fig. 4. We also show in this figure the region of parameter
space that is excluded by the measurement of the invisible width of the Z, which receives
the following contribution in this case:

�(Z ! ��†) =
g2�mZ

48⇡

 
1� 4m2

�

m2
Z

!3/2

. (2.5)

In this model, there is an unsuppressed cross section for spin-independent elastic scat-
tering with nuclei, leading to very stringent constraints from LUX and PandaX-II. In the left
frame of Fig. 4, we see that the entire parameter space in this scenario is strongly ruled out
by a combination of constraints from LUX/PandaX-II and the invisible width of the Z.

2.3 Vector dark matter

An interaction between the Z and a spin-one dark matter candidate, X, can arise at tree-level
only through a kinetic term. In this case, gauge invariance requires the interaction to take
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Figure 4. Constraints on mass and couplings of a complex scalar (left frame) or complex vector (right
frame) dark matter candidate which annihilates through the Z. The solid black contours indicate the
value of the coupling for which the thermal relic abundance matches the measured cosmological dark
matter density, ⌦�h

2 = 0.12. The shaded regions are excluded by measurements of the invisible Z
width, and the regions above the solid blue line are excluded by the current constraints from LUX
and PandaX-II [4, 5]. The entire parameter space in each of these scenarios is strongly ruled out.

the following form:

L � i gX

⇣
ZµX⌫ †@ [µX⌫ ] +X†

µX⌫ @
µZ⌫

⌘
+ h.c. (2.6)

In the right frame of Fig. 4, we summarize the parameter space in this model. In
particular, we apply constraints from the invisible width of the Z, which receives the following
contribution in this case:

�(Z ! XX†) =
g2XmZ

�
1� 8r2XZ + 28r4XZ � 48r6XZ

�
(1� 4r2XZ)

1/2

192⇡r4XZ

, (2.7)

where rXZ ⌘ mX/mZ .
After integrating our the Z, this model yields the following e↵ective interaction for

elastic scattering with nuclei (retaining only unsuppressed terms):

Le↵ � ig�gqv
m2

Z

⇣
X⌫@µX

⌫†q̄�µq + h.c.
⌘
. (2.8)

In the non-relativistic limit, this yields the following WIMP-nucleus cross section:

��N =
g2�µ

2
�N

⇡m4
Z


Z(2guv + gdv) + (A� Z)(guv + 2gdv)

�2

⇡ g2�(g
2
1 + g22)µ

2
�N

16⇡m4
Z

(A� Z)2, (2.9)

where Z and A are the atomic number and atomic mass of the target nucleus, and µ�N is
the reduced mass of the dark matter-nucleus system.

In the right frame of Fig. 4, we see that this combination of constraints from direct
detection experiments and the invisible width of the Z strongly rules out the entire parameter
space of this model.
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Higgs-portal : fermionic DM

3 Higgs Mediated Dark Matter

3.1 Fermionic dark matter

In this subsection, we consider a dark matter candidate that is either a Dirac or Majorana
fermion, with the following interactions with the SM Higgs boson:

L � ⇥a�̄(��s + ��pi�
5)�
⇤
H, (3.1)

where once again a = 1(1/2) in the Dirac (Majorana) case. The quantities ��s and ��p

denote the scalar and pseudoscalar couplings between the dark matter and the SM Higgs,
respectively.

Dark matter annihilations in this model depend strongly on the choice of scalar or
pseudoscalar couplings. In particular, scalar couplings lead to an annihilation cross section
that is suppressed by two powers of velocity, whereas pseudoscalar couplings generate an
s-wave amplitude with no such suppression. In both cases, annihilations proceed dominantly
to heavy final states (see Fig. 5), due to the couplings of the Higgs to the particle content of
the SM.

The contribution to the invisible Higgs width in this case is given by:

�(H ! ��̄) =
amH

8⇡

"
�2
�p + �2

�s

 
1� 4m2

�

m2
H

!#s

1� 4m2
�

m2
H

. (3.2)

The current experimental constraint on the invisible branching fraction of the Higgs is
�inv/(�inv + �SM ) < 0.24,3 which for �H

SM ⇡ 4.07MeV corresponds to the following:

�(H ! ��̄) < �H
SM

BR(H ! inv)

1� BR(H ! inv)
⇡ 1.29MeV. (3.3)

Elastic scattering between dark matter and nuclei is entirely spin-independent in this
case, with a cross section given as follows:

��N ⇡ µ2
�N

⇡m4
H

[Zfp + (A� Z)fn]
2

�2
�s + �2

�p

q2

4m2
�

�
, (3.4)

where q is the momentum exchanged in the collision.
In Fig. 6, we summarize the constraints on this scenario. In the case of a purely

scalar coupling (��p = 0, shown in the left frame), the combination of the invisible Higgs
width measurement and the results of direct detection experiments rule out nearly all of the
parameter space. The exception is the mass range within a few GeV of the Higgs pole, m� =
56-62 GeV. In this case, future experiments such as XENON1T are expected to test the
remaining region of parameter space.

In the case of a purely pseudoscalar coupling (��s = 0, shown in the right frame of
Fig. 6), the momentum suppression of the elastic scattering cross section strongly reduces
the prospects for direct detection experiments, earning this scenario the moniker of “coy
dark matter” [22–24]. Naively, we expect the sensitivity of direct detection experiments to

3This is derived from a combination of Run I and 2015 LHC data. See, for example, page 25
of the talk “Search for invisible decays of the 125 GeV Higgs boson using the CMS detector”, by
Nicholas Wardle, http://indico.cern.ch/event/432527/contributions/1071583/attachments/1320936/

1980904/nckw_ICHEP_2016_hinv_cms.pdf.
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Figure 6. Constraints on mass and couplings of a fermionic dark matter candidate which annihilates
through the Standard Model Higgs boson. The solid black contours indicate the value of the coupling
for which the thermal relic abundance matches the measured cosmological dark matter density, ⌦�h

2 =
0.12. The shaded regions are excluded by measurements of the invisible Higgs width. The left and
right frames depict the cases of a purely scalar or pseudoscalar coupling between the dark matter
and the Higgs, respectively. In the scalar case, the vast majority of this parameter space is excluded
by the current constraints from LUX and PandaX-II [4, 5]. The only currently viable region (m� =
56-62 GeV is expected to be probed in the near future by XENON1T [6]. Due to the momentum
suppression of the elastic scattering cross section, the case of dark matter with a pseudoscalar coupling
to the Higgs is much less strongly constrained.

30 keV, where this lower limits was imposed in order to reduce the rate of neutrino-induced
background events [36, 37]. From the calculated event rate, we apply Poisson statistics to
place a 90% confidence level constraint on the dark matter coupling, assuming that zero events
are observed. In the right frame of Fig. 6, we plot the projected constraint from such an
experiment after collecting an exposure of 30 ton-years, which is approximately the exposure
that we estimate will accumulate between ⇠1-3 neutrino-induced background events. From
this, we conclude that even with such an idealized detector, it will not be possible to test a
dark matter candidate with a purely pseudoscalar coupling to the Higgs.

In the case of dark matter with a scalar coupling and near the Higgs pole, the low-
velocity annihilation cross section is suppressed by two powers of velocity, making such a
scenario well beyond the reach of any planned or proposed indirect detection experiment
(see the left frame of Fig. 7). In the case of dark matter with a pseudoscalar coupling
to the Higgs, however, the low-velocity annihilation rate is unsuppressed, leading to more
promising prospects for indirect detection (for analytic expressions of these cross section, see
the Appendix of Ref. [13]). In the right frame of Fig. 7, we plot the low-velocity annihilation
cross section (as relevant for indirect detection) for fermonic (Dirac or Majorana) dark matter
with a pseudoscalar coupling to the SM Higgs boson. In this case, constraints from Fermi’s
observations of dwarf spheroidal galaxies [9] may be relevant, depending on the precise value
of the dark matter mass. We also note that uncertainties associated with the distribution of
dark matter in these systems could plausibly weaken these constraints to some degree [38–
41]. It may also be possible in this scenario [22, 42–44] to generate the gamma-ray excess
observed from the region surrounding the Galactic Center [14–20].
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Figure 7. The e↵ective low-velocity annihilation cross section (relevant for indirect detection) for
Dirac or Majorana dark matter with a scalar (left) or pseudoscalar (right) coupling to the SM Higgs
boson. For the case of scalar couplings, the cross section is always well below the sensitivity of Fermi
and other existing indirect detection experiments. In the pseudoscalar case, the prospects for indirect
detection are much more encouraging. In the right frame, we also show the current constraint from
Fermi’s observation of dwarf spheroidal galaxies [9].

3.2 Scalar dark matter

In the case of scalar dark matter with a coupling to the SM Higgs boson, we consider a Higgs
Portal interaction, described by the following Lagrangian:

L � a��H


vH�2 +

1

2
H2�2

�
, (3.5)

where a = 1 (1/2) in the case of a complex (real) scalar, and v is the vacuum expectation
value of the SM Higgs boson.

In this class of models, the dark matter annihilates without velocity suppression, and
preferentially to heavy final states (see Fig. 8). The contribution to the invisible Higgs width
in this case is given by:

�(H ! ��†) =
a v2�2

�H

16⇡mH

s

1� 4m2
�

m2
H

. (3.6)

In Fig. 9, we plot a summary of the constraints in this class of models. In this case, we
find that complex (real) scalar dark matter with a mass greater than 840 GeV (400 GeV) is
not currently constrained, along with the region near the Higgs pole. XENON1T is expected
to probe the remaining high mass window up to 10 TeV (5 TeV).

In Fig. 10, we plot the low-velocity annihilation cross section (as relevant for indirect
detection) for scalar dark matter with a Higgs portal coupling. In the currently allowed mass
range near the Higgs pole, this class of models predicts a very small low-velocity annihilation
cross section, which is likely unable to generate the measured intensity of the Galactic Center
gamma-ray excess [14–20] (see also, Refs. [45, 46]).

3.3 Vector dark matter

In the case of vector dark matter, we again consider a Higgs Portal interaction, which is
described in this case by the following Lagrangian:
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Figure 8. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 10�3 c, as is typically relevant for indirect
detection (right), for the case of scalar dark matter coupled to the Standard Model Higgs boson.

101 102 103 104

m� (GeV)

10�4

10�3

10�2

10�1

100

101

�
�

H

�inv
H

⌦�h
2 = 0.12

Complex

Real

LUX/PANDAX

XENON1T

⌫F
loor

Figure 9. Constraints on mass and couplings of a complex scalar dark matter candidate which
annihilates through a Higgs portal coupling. The solid black contour indicates the value of the
coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, ⌦�h

2 = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
II [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ' mH/2) or if m� >⇠ 400 GeV.

L � a�XH


vHXµX†

µ +
1

2
H2XµX†

µ

�
, (3.7)

where a = 1 (1/2) in the case of a complex (real) vector. As in the cases considered in the
previous subsection, dark matter annihilates without velocity suppression in this class of
models, and preferentially to heavy final states (see Fig. 11).
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Figure 12. Constraints on mass and couplings of a complex vector dark matter candidate which
annihilates through the Standard Model Higgs boson. The solid black contour indicates the value of
the coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, ⌦�h

2 = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
II [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ' mH/2) or if mX >⇠ 1160 GeV.
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Figure 13. The e↵ective low-velocity annihilation cross section (relevant for indirect detection) for
complex or real vector dark matter with a coupling to the Standard Model Higgs boson. We also
show the current constraint from Fermi’s observation of dwarf spheroidal galaxies [9].

We plot in Fig. 13 the low-velocity annihilation cross section (as relevant for indirect
detection) in this class of models, along with the constraints from Fermi’s observations of
dwarf spheroidal galaxies [9]. In the currently allowed mass range near the Higgs pole, this
class of models predicts a very small low-velocity annihilation cross section, which is likely
unable to generate the measured intensity of the Galactic Center gamma-ray excess [14–20].
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Figure 8. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 10�3 c, as is typically relevant for indirect
detection (right), for the case of scalar dark matter coupled to the Standard Model Higgs boson.
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Figure 9. Constraints on mass and couplings of a complex scalar dark matter candidate which
annihilates through a Higgs portal coupling. The solid black contour indicates the value of the
coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, ⌦�h

2 = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
II [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ' mH/2) or if m� >⇠ 400 GeV.

L � a�XH


vHXµX†

µ +
1

2
H2XµX†

µ

�
, (3.7)

where a = 1 (1/2) in the case of a complex (real) vector. As in the cases considered in the
previous subsection, dark matter annihilates without velocity suppression in this class of
models, and preferentially to heavy final states (see Fig. 11).
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Quid about a Z’ portal?
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in general only axial couplings of the DM with the Z’) DM the s-wave component of

the annihilation cross-section is helicity suppressed so at late times the annihilation

cross-section of the DM is small.

That said, our findings are also applicable to Majorana Dark Matter, with mild

quantitative changes, by simply ignoring the Fermi-LAT limits, as well as the spin-

independent limits arising from the RG running and keeping the PANDA-X spin-

dependent bounds. At the end, the model would be less constrained by data, since

the spin-independent limits from LUX rule out a significant region of the parameter

space.

Figure 5. Results for m� = 50 GeV and g� = 4⇡, 1 and 0.1. Combined upper bounds

on the model under study, in the bidimensional plane (mZ0 , gf ) for the assignations of the

DM mass m� and coupling g� reported in the di↵erent panels. The black lines delimit

the correct relic density parameter space. The blue, red and green regions are excluded

by LHC data. The orange region represents spin-dependent PANDA-X exclusion region,

whereas the dashed curve the spin-independent LUX limit, while in purple FERMI-LAT

bound.

4.3 Summary of results

The results of our DM analysis are summarized in Figs. (4-6). Here we have super-

imposed, for the benchmarks considered in fig. (3), the collider limits from di-muon

searches with the isocontours of the correct DM relic density, the limits from spin-

dependent cross-section, as recently determined by the PANDA-X experiment [89],
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spin-independent cross-section, as given by LUX [90], and the most recent limits

from indirect searches of DM gamma-ray signals in DSPh [80] 4.

Figure 6. Results for m� = 500 GeV and g� = 4⇡, 1 and 0.1. Combined upper bounds on

the model under study, in the plane (mZ0 , gf ) for the a given DM mass m� and coupling

g�, as reported in the di↵erent panels. The black lines delimit the correct relic density

parameter space. The blue, red and green regions are excluded by LHC data. The orange

region represents spin-dependent PANDA-X exclusion region, whereas the dashed curve the

spin-independent LUX limit; finally the purple region indicates the FERMI-LAT bound.

As already indicated, despite the radiative origin, SI interaction give stronger

constraints with respect to SD ones for certain Z 0 masses. SD limits provide nev-

ertheless a solid complement, especially at light Z 0 masses. Direct detection limits

are competitive, or even stronger that the one from LHC for g� & 1 while the latter

dominate for lower values of the DM couplings. Once the FERMI exclusion limit is

taken into account, the light DM benchmark, m� = 10GeV is completely ruled out

for gf  10�3. Thermal DM is still in tension with ID limits for mass of 50 GeV ad

exception of the pole region, m� ⇠ mZ0/2, where mismatch between the annihilation

4Low energy observables, such as the muon magnetic moment, also give rise to constraints on
the Z 0 mass, but these lie around 100 GeV for couplings of order one, thus not relevant for our
reasoning [92]. Moreover notice that our Z 0 model is not ison-spin violating, otherwise a di↵erent
set of bounds would be applicable [93].
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circumvent the usual heavy-resonance searches at the LHC 1.

The present analysis markedly di↵ers from previous analysis for a variety of

reasons:

(i) We focus on a very specific class of Z 0 models, namely those where the Z 0

possesses purely axial-vector couplings with SM fermions, and we perform a detailed

dark matter phenomenology study;

(ii) We show that the Z 0 mass can be as low as 15 GeV, where the heavy reso-

nance searches at the LHC searches are not applicable. We explicitly compute the

collider limits in that region, with no rescaling, using the CLS method employing

dimuon data from the LHC;

(iii) We discuss the possibility of accommodating the gamma-ray excess observed

in the Galactic center in the context of this class of models.

The paper is structured as follows. We introduce the model under consideration in

Section 2. Section 3 is devoted to a detailed study of the invisible Z 0 searches at LHC,

whereas direct detection constraints are analyzed in Section 4. After a discussion on

the Galactic center excess in Section 6, we conclude.

2 Model

We investigate here a U(1)X extension of the Standard Model expected to be less

constrained by collider, direct and indirect detection searches. The model is based on

the gauge group SU(3)c ⌦ SU(2)L ⌦ U(1)Y ⌦ U(1)X . Augmenting the SM by a new

Abelian symmetry implies the existence of a new gauge boson Z 0, which can gain

mass in di↵erent ways. To preserve gauge invariance such gauge boson will couple

to SM fermion through the covariant derivatives f̄L�µDµfL and f̄R�µDµfR, where

Dµ = @µ � i gf qfZ 0µ, which lead to,

L � if̄�µ


@µ � igf

qf L + qf R

2
� igf

qfR � qfL
2

�5

�
f Z 0µ (2.1)

If qfL = qfR, i.e. the left and right-handed SM fermions transform in the same

way under U(1)X (vector-like fermions), the Z 0 will have only vectorial couplings

with SM fermions, corresponding to a dark photon. Conversely, if qfL = �qfR, only

axial-vector current are non-vanishing. The latter is the scenario we are interested

in. The addition of a Dirac fermion dark matter field is trivial and follows the same

logic. Focusing on the latter the final Lagrangian reads

L � ⇥
�̄�µ(g�v + g�a�

5)�+ gf f̄�
µ�5f

⇤
Z 0

µ, (2.2)

1See also Ref.[63] for an study on light Z 0 bosons, focused on mono Z 0 signatures at the LHC.
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Summary

The only scenarios that are not excluded are those in 
which the dark matter is a scalar (vector) heavier than 
400 GeV (1160 GeV) with a Higgs portal coupling, or a 
fermion with a pseudoscalar (CP violating) coupling to 
the Standard Model Higgs boson. With the exception of 

dark matter with a purely pseudoscalar coupling to 
the Higgs, it is anticipated that planned direct detection 

experiments will probe the entire range of models
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Is SUSY alive (and well)? 
Not so well, but at least still popular..

Strumia talk, Madrid, September 2016

Is SUSY popular?

Yes
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SUSY and dark matter

SUSY has 2 « natural » dark matter candidates: 

• The neutralino,       (60% of the SUSY DM papers on spires)  
• The gravitino,       (49% of the SUSY DM papers) g̃

�̃0
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SUSY and dark matter

SUSY has 2 « natural » dark matter candidates: 

• The neutralino,       (60% of the SUSY DM papers on spires)  
• The gravitino,       (49% of the SUSY DM papers) 

The neutralino is a mixed between Bino, Wino, and Higgsinos:

In this sense, he has all the characteristic of a WIMP, and as a 
consequence suffers from the same constraints listed before

�0
1 =cBB̃ + c1H̃1 + c2H̃2+cW W̃

well tempered
non thermal wino

g̃
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Figure 1: Plot of rescaled spin-independent WIMP detection rate ⇠�SI(�, p) versus m� from
several published results versus current and future reach (dashed) of direct WIMP detection
experiments. ⇠ = 1 for all models except RNS and pMSSM.
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Figure 3: Plot of rescaled thermally-averaged WIMP annihilation cross section times velocity
⇠2h�vi versus m� from several published results along with current Fermi-LAT/MAGIC com-
bined reach via W+W� channel and projected (dashed) CTA reach. ⇠ = 1 for all models but
RNS.

masses are far beyond reach of LHC14.
The RNS SUSY regions are suppressed by their ⇠2 factors in that the WIMPs may com-

prise only a fraction of the galactic dark matter abundance. Thus, their projected region of
interest lies for the most part below even the CTA projected reach. The pMSSM projections
fill essentially all of the parameter space shown.

Pertaining to NThW dark matter, we note that there have already been some claims in the
literature that these candidates are excluded by HESS and Fermi gamma-ray line searches [43,
44]. The reason NThWs are susceptible to such searches is that 1. the wino-wino! ��
reaction proceeds through a box diagram including wino-W boson exchange and so is quite
unsuppressed for wino-like WIMPs and 2. Sommerfeld enhanced (SE) annihilation rates boost
the annihilation cross section for higher mass winos. These exclusion claims may be tempered
by the more conservative analysis from Ref. [72] which maintains that winos are excluded
for m(wino) . 0.8 TeV due to searches for p̄s and excluded between 1.8-3.5 TeV due to
gamma-ray line searches. Thus, for Ref. [72], a window of viability remained open for 0.8 TeV
< m(wino) < 1.8 TeV.

Our calculations from Isatools [73] generate the expected h�vi region from a scan over
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The gravitino dark matter
The gravitino was in fact the first candidate to be proposed as a 

dark matter, before the neutralino by Pagels and Primack in 1982
H. Pagels and J.R. Primack, Phys. Rev. Lett. 48 (1982) 223

It is indeed a completely natural candidate, with the problematic 
issue of its non-detectability, especially when R-parity is conserved 

(no smoking gun decay modes)
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dark matter, before the neutralino by Pagels and Primack in 1982
H. Pagels and J.R. Primack, Phys. Rev. Lett. 48 (1982) 223

It is indeed a completely natural candidate, with the problematic 
issue of its non-detectability, especially when R-parity is conserved 

(no smoking gun decay modes)

However, at first sight, if one supposed that it thermalized and 
decoupled quite early in the Universe (due to its reduced coupling 

to the Standard model), its mass is (naively) restricted to ~ keV  
(the « Cowsik-Mc Clelland analog of the neutrino): 

⌦3/2 =
n3/2m3/2

⇢0c
'

n� ⇥
⇣

2
gMSSM
⇤

⌘
m3/2

10�5h2 GeV/cm�3
' 0.1

h2

⇣ m3/2

300 eV

⌘

which is excluded by Tremaine Gunn/structure formation bounds



However..
..In 1993,  Moroi, Murayama and Yamaguchi take the goldstino 
interaction to compute its production rate through SM scattering 

T. Moroi, H. Murayama, M. Yamagushi, Phys. Lett. B303, 284-294 (1993)
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In gauge symmetry, where the transformation parameter θ (phase 
of the Higgs), which represent the (would be) massless goldstone 
mode of the theory is eaten to give the longitudinal mode of the 
gauge boson. By analogy, in supergravity (local supersymmetry), 
the would be fermionic goldstone (goldstino) ψ is eaten by the 
gauge field to give mass to the gravitino (SuperHiggs mechanism)

with m3/2 =
< F >p
3MPl <F> being the breaking scale of SUSY

H = hei
✓
f ) Bµ ⇠ i

1

f
@µ✓

The coupling is fixed by the symmetry (breaking)



T. Moroi, H. Murayama, M. Yamagushi, Phys. Lett. B303, 284-294 (1993)

… one can then compute the relic abundance of the gravitino, 
repopulated by the scattering of SM particles in the thermal bath:

gravitino gluino gluon
L =

imG̃

8
p
6 m3/2 MPl
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Fig. 1. Cosmological constraints on the gravitino mass and the 
reheating temperature in the framework of MSSM when the 
gravitino is the LSP. We take all the squark and slepton masses 
to be 1 TeV, mo~ = mNse= 50 GeV and the GUT relations on the 
gauge fermion masses are assumed. The solid line denotes the 
upper bound on the reheating temperature from the closure limit. 
The dotted region is excluded from the arguments of the light 
element photodestruetion if the NSP whose relic density is as large 
as eq. ( 15 ) decays radiatively with a lifetime shorter than 5.3 × 106 
S. 

overclose the universe. Therefore, it is the scattering 
process that is important to estimate the number 
density of  the gravitino. In this case, 

Ns (TNOW) x / / ~ ( ( 3 ) M  
Y3/2(TNow)= Ns (TR) ~ 3x//~ * 

X TR (Stot Vrel } , (14) 

from eq. (10a). Combining eq. (14)wi th  eq. (13), 
we get the upper bound on the reheating tempera- 
ture, which is approximately proportional to the 
gravitino mass. On the other hand, if 2 × 10 - 6 ,~ m3/ 
2< 10 -4 GeV, the decay processes become signifi- 
cant. In this case, P3/2 is larger than Pc unless the re- 
heating temperature is smaller than the squark and 
slepton masses. Therefore, it is necessary to lower the 
reheating temperature below the squark and slepton 
mass scale in order not to overclose the universe. And 
when m3/2~<2X 10 - 6  GeV, the gravitino mass is so 
small that P3/2 cannot exceed Pc even if the gravitino 
is thermalized. 

Next, let us consider the constraint from the light 
element photodestruction. If  a decay of a heavy par- 
ticle produces high energy photons after the primor- 

dial nucleosynthesis, we must require that these pho- 
tons do not change the abundance of the light 
elements. Here we consider the decay of the NSP. 
Since we are assuming that the gravitino is the LSP, 
the NSP can decay only to gravitino + something by 
the supergravity interaction. Therefore, the NSPs 
have much longer lifetime than other superparticles 
and may affect the predictions of the big-bang 
nucleosynthesis. 

If  the NSPs were stable, it would survive until to- 
day. Its relic density in this case has been calculated 
[3-5 ]. For the neutralinos, in a wide range of parti- 
cle parameters, the relic density is larger than 10- 3 to 
the critical one. This relic density can be translated 
into mNsPYNsP>~ 5.0 X 10-11 GeV ~ 1  where mNsP and 
YysP are the mass and yield of the NSP. In the follow- 
ing analysis, we conservatively take 

mNsP YNS P = 5 . 0 X  10 - l l  GeV,  (15) 

and assume that the NSP decay produces high energy 
photons. According to ref. [16], the energy density 
of  eq. ( 15 ) will overproduce 3He + D unless the life- 
time of the NSP is shorter than about 5.3X 106 S. 
Therefore, we impose 

,, sP i1 m2/2 M2 k m y s p /  U ) 

45 .3X106s .  (16) 

Here we have assumed that the NSP is a U( 1 ) r gauge 
fermion (bino) and used eq. (5a) for the decay rate 
of the NSP ~2. The right hand side ofeq. (16) strongly 
depends on the NSP mass and especially when the 
NSP mass is small, a severe upper bound on the grav- 
itino mass is obtained. The bound we obtained is 
m3/2~<3.4 GeV (9.3 GeV, 288.5 GeV, 771.5 GeV) 
for mNsP= 50 GeV ( 100 GeV, 500 GeV, 1 TeV) and 
the dotted region in fig. 1 is excluded. Note that if the 
reheating temperature is sufficiently small compared 
to the NSP mass, the NSP is not produced signifi- 

*~ It is plausible that this bound is also valid when a slepton or a 
chargino is the lightest. 

,2 If the bino is the NSP, it decays to gravitino+photon or to 
gravi t ino+Z °. But when the bino is lighter than the Z °, the 
latter decay channel is forbidden kinematically and the decay 
rate of the bino is sin20w~ 0.234 times smaller than the value 
of eq. (5a). For the case mNsp = 50 GeV, we have considered 
this effect. 
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The thermal scattering has reopened a cosmologically viable 
window (m3/2 > 1 keV) but..



.. non-discovery of gluino at LHC pushes lower bound on 
gluino masses, and thus upper bound on TRH of ~107 GeV 
which can be problematic for some leptogenesis scenario. 

But, even in this case…



Cheung et al.* showed in 2011 that the freeze in process of 
gravitino production through the decay of sparticles still in 

thermal equilibrium should render the Universe overdense if 
TRH > Msusy. 

*C. Cheung, G. Elor, and L. Hall, Phys. Rev. D 61 (2011) 



Cheung et al.* showed in 2011 that the freeze in process of 
gravitino production through the decay of sparticles still in 

thermal equilibrium should render the Universe overdense if 
TRH > Msusy. 

*C. Cheung, G. Elor, and L. Hall, Phys. Rev. D 61 (2011) 

H(T) = Γ(T)

Freeze-in (FIMP)

dark matter 
density

thermal bath 
density

The dark matter is produced from the thermal bath but at 
a very slow rate, until the expansion rate dominates the 

annihilation (H > Γ)

g̃ g̃ g̃ g̃
g̃
g̃

Q̃ Q̃ Q̃



Cheung et al.* showed in 2011 that the freeze in process of 
gravitino production through the decay of sparticles still in 

thermal equilibrium should render the Universe overdense if 
TRH > Msusy. 

*C. Cheung, G. Elor, and L. Hall, Phys. Rev. D 61 (2011) 

⌦decay
3/2 h2 /

P
M3

Q̃

m3/2MPl

but decay will  
compete  

with scatteringH(T) = Γ(T)

Freeze-in (FIMP)

dark matter 
density

thermal bath 
density

The dark matter is produced from the thermal bath but at 
a very slow rate, until the expansion rate dominates the 

annihilation (H > Γ)

g̃ g̃ g̃ g̃
g̃
g̃

Q̃ Q̃ Q̃



⌦3/2h
2 = ⌦scat

3/2 h
2 + ⌦decay

3/2 h2 /
TRH

P
mG̃2

m2
3/2MPl

+

P
M3

Q̃

m2
3/2MPl

C. Cheung, G. Elor, and L. Hall, Phys. Rev. D 61 (2011) 

�

�

G

G

�

�

�

t

t̄

�

G

G

�

�

�

G

G

G

G

�

G

G

g̃

G̃

G

3

g̃
g̃

g̃

Q̃ Q̃ Q̃



⌦3/2h
2 = ⌦scat

3/2 h
2 + ⌦decay

3/2 h2 /
TRH

P
mG̃2

m2
3/2MPl

+

P
M3

Q̃

m2
3/2MPl

C. Cheung, G. Elor, and L. Hall, Phys. Rev. D 61 (2011) 

�

�

G

G

�

�

�

t

t̄

�

G

G

�

�

�

G

G

G

G

�

G

G

g̃

G̃

G

3

g̃
g̃

g̃

Q̃ Q̃ Q̃

Then, the relic abundance is given  
by the decay modes and quickly 

over-densify the Universe, unless 
TRH < Msusy, in which case only 

the exponential queue of the 
SUSY distribution plays a role.
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FIG. 1: Contours of Ω3/2h
2 = 0.11 for gaugino masses fixed

to {mb̃,mw̃,mg̃} = {100, 210, 638} GeV. The {red, orange,
yellow, green, blue} contours correspond to universal scalar
masses {500 GeV, 1 TeV, 2 TeV, 4 TeV, 8 TeV}.

As we will see, the freeze-in abundance of gravitino
dark matter depends solely on the superpartner spectrum
and m3/2, a quantity which is straightforwardly inferred
from the mass and lifetime of the NLSP when it decays to
the gravitino LSP. Thus, for a given superpartner spec-
trum, the constraint of Ωdecay

3/2 h2 ≃ 0.11 entirely fixes the
lifetime of the NLSP. Because these quantities are exper-
imentally accessible, we chance upon the rather amazing
prospect of reconstructing the origin of gravitino dark
matter through collider measurements. For example, for
degenerate heavy squarks and gluinos at a mass m, the
NLSP lifetime is

τNLSP ≃ 10−7 sec
! mNLSP

300 GeV

"

#

m

mNLSP

$6

, (2)

if gravitino freeze-in accounts for the present day abun-
dance of dark matter. Note that this proposal is a spe-
cific instance of the generalized cosmological scenario dis-
cussed in [5, 6].
While the lifetime τNLSP indicated by Eq. (2) is ef-

fectively long-lived on collider time scales, a number
of theoretical and experimental collaborations have sug-
gested that the LHC is capable of measuring the long-
lived decays of the sizable number of charged or colored
metastable NLSPs which will typically slow and eventu-
ally stop within the detector material. Sufficiently long
lifetimes can easily arise in theories of split supersym-
metry [7], as well as theories with very weakly coupled
particles like gravitinos [8], axinos [9], goldstini [10, 11],
sterile sneutrinos [12], and dark matter [6, 13]. Hence,
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FIG. 2: Contours of Ω3/2h
2 = 0.11 for universal scalar masses

fixed to 500 GeV. The {red, orange, yellow, green, blue} con-
tours correspond to a bino mass mb̃ = {500 GeV, 1 TeV, 2
TeV, 4 TeV, 8 TeV}, where mw̃ and mg̃ are fixed assuming
gaugino mass unification at MGUT ∼ 1016 GeV.

stopped NLSPs allow for a range of 10−9 − 106 sec to
be probed in early LHC running, and indeed bounds on
stopped gluinos have already been set by the CMS col-
laboration [14]. At higher luminosities, neutral NLSPs
might also be probed if their lifetimes lie in the range
10−9 − 10−5 sec. As such, gravitino freeze-in offers a
novel mechanism of dark matter generation which has
direct implications for the LHC in the near term.

II. GRAVITINO COSMOLOGY

Assuming that the messenger scale of supersymme-
try breaking is below the Planck scale, then the grav-
itino is the lightest of all the superpartners and is thus
an attractive R-parity stabilized dark matter candidate.
Typically, the gravitino mass is considered in the range
keV ! m3/2 ! 1 GeV, where the lower bound arises
from warm dark matter constraints and the upper bound
arises from tension with BBN3. Broadly speaking, grav-
itinos are produced via three distinct physical mecha-
nisms, each with a much different dependence on the re-
heating temperature after inflation, TR, and the gravitino
mass, m3/2.

3 The quantitative BBN bound on m3/2 varies with the nature
and mass of the NLSP. Moreover, in some cases it can be evaded
altogether, e.g. with sneutrino NLSP or R-parity violation.

MQ̃ = 8 TeV,

mG̃ = 638 GeV

Then, the relic abundance is given  
by the decay modes and quickly 

over-densify the Universe, unless 
TRH < Msusy, in which case only 

the exponential queue of the 
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FIG. 2: Contours of Ω3/2h
2 = 0.11 for universal scalar masses

fixed to 500 GeV. The {red, orange, yellow, green, blue} con-
tours correspond to a bino mass mb̃ = {500 GeV, 1 TeV, 2
TeV, 4 TeV, 8 TeV}, where mw̃ and mg̃ are fixed assuming
gaugino mass unification at MGUT ∼ 1016 GeV.

stopped NLSPs allow for a range of 10−9 − 106 sec to
be probed in early LHC running, and indeed bounds on
stopped gluinos have already been set by the CMS col-
laboration [14]. At higher luminosities, neutral NLSPs
might also be probed if their lifetimes lie in the range
10−9 − 10−5 sec. As such, gravitino freeze-in offers a
novel mechanism of dark matter generation which has
direct implications for the LHC in the near term.

II. GRAVITINO COSMOLOGY

Assuming that the messenger scale of supersymme-
try breaking is below the Planck scale, then the grav-
itino is the lightest of all the superpartners and is thus
an attractive R-parity stabilized dark matter candidate.
Typically, the gravitino mass is considered in the range
keV ! m3/2 ! 1 GeV, where the lower bound arises
from warm dark matter constraints and the upper bound
arises from tension with BBN3. Broadly speaking, grav-
itinos are produced via three distinct physical mecha-
nisms, each with a much different dependence on the re-
heating temperature after inflation, TR, and the gravitino
mass, m3/2.

3 The quantitative BBN bound on m3/2 varies with the nature
and mass of the NLSP. Moreover, in some cases it can be evaded
altogether, e.g. with sneutrino NLSP or R-parity violation.

MQ̃ = 8 TeV,

mG̃ = 638 GeV

Conclusion : the combination of freeze in and scattering 
convoluted with the last LHC limits on squark masses  pushes 

toward very low reheating temperature, below the squark 
masses

ATLAS + CMS : MQ̃ > 2.5 TeV
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So how to produce the gravitino?

But, in the meantime, we also kinematically forbid the scattering 
production: 
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By a freeze in mechanism  
sourced in the Thermal bath

K. Benakli, Y. Chen, E. Dudas, Y.M. 1701.xxxx

Indeed, while the SUSY sector is not anymore in equilibrium with 
the thermal bath (and never was), there is still a possibility to 
produce gravitino through its vierbein (direct) coupling of its 

goldstino part to the SM.

This model by its simplicity and naturalness can be considered as 
« a minimal model of gravitino dark matter »
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the reheat temperature. This scenario has a constraint
from Big Bang nucleosynthesis (BBN) since the late de-
cay of NLSP influences the nucleosynthesis mechanisms
strongly constrained by the observed abundance of D and
4He in the Universe [16]. The IR dominated productions
usually correspond to renormalizable operators or 2 ! 1
processes [2]. These are most e�cient when the temper-
ature is near the FIMP mass. Thus the yields are not
dependent on the reheat temperature. On the contrast,
non-renormalizable operators usually lead to UV domi-
nated production and the final results are highly depen-
dent on the reheat temperature.

Gravitino is an universal prediction of local supersym-
metry models. Its role in cosmology depends on its abun-
dance and its lifetime. Even if in some non-minimal sce-
nario it can be non-thermally produced at the end of
inflation during preheating due to fine-tuned coupling to
the inflaton, the amount expected is model dependent
and can be small [17]. We will however not consider this
possibility in this work and will be instead be focus on
the case of thermal scenario production. The gravitinos
are produced by scattering of Standard Model states in
the thermal plasma after reheating or through the decay
of the NLSP. Within the assumption that the reheat-
ing temperature is lower than the mass of all the su-
persymmetric particles, we are left with only the former
possibility. However, the standard scenario of gravitino
dark matter su↵ers from di↵erent cosmological di�cul-
ties which are referred to collectively as the cosmologi-
cal gravitino problems ”: the late decaying superpartners
can strongly a↵ect the Big Bang Nucleosynthesis, and the
relic gravitinos produced should overclose the Universe
for m3/2 & 1 keV, making it di�cult to be a warm dark
matter candidate if one takes in consideration structure
formations or Lyman ↵ constraints. We shall see that
in our case, where the production of gravitino is through
UV dominated freeze in, these two old problems do not
appear anymore.

The standard ways to produce gravitinos use low-
energy Supersymmetry. Instead, in this study, we con-
sider the case of high scale Supersymmetry in which case
the masses of all superpartners are above the reheating
temperature. Thus, the particle spectrum below the re-
heating temperature includes only the SM particles and
the gravitino and the latter is the unique viable dark
matter candidate. It is produced non-thermally through
the freeze-in and the relevant e↵ective interactions are
highly dependent on the reheating temperature. As a
consequence, our analysis shows how each given grav-
itino mass reproducing the value of the dark matter relic
abundance leads to a prediction of the reheating temper-
ature TRH .

II. SUPERSYMMETRY BREAKING AND THE
REHEAT TEMPERATURE

We start by discussing the di↵erent scales relevant to
the dark matter relic abundance computation to be pre-
sented in the next section.

1. The supersymmetry breaking parameters:

We denote by F the order parameter for supersym-
metry breaking, a generic combination of auxiliary
F or D terms vacuum expectation values . It corre-
sponds to a spontaneous breaking, thereof it implies
the existence of a Goldstone fermion, the goldstino
G. The super-Higgs mechanism at work leads to a
mass for the gravitino which value at present time
reads [18]:

m3/2 =
Fp
3MPl

, (1)

in which MPl is the reduced Planck mass. The
breaking is mediated to the visible sector through
messengers lying at a scale ⇤mess . This leads to
soft-terms of order of MSUSY :

MSUSY =
F

⇤mess
(2)

We shall assume for simplicity that all the masses
of sparticles, squarks, sleptons, gauginos and hig-
gsinos as well as all the new scalars in the extended
Higgs sector are at least of the order the scale of su-
persymmetry breakingMSUSY . These particles are
thus decoupled from processes at all the energies
under consideration. Below MSUSY , the particle
content is the Standard Model (SM) (with possibly
right-handed neutrinos) and the goldstino. How
realistic is this assumption in explicit supersymme-
try breaking models is a model-dependent question.
In O’Rafeartaigh models of supersymmetry break-
ing, the partner of the goldstino, the sgoldstino G̃,
is usually massless at tree-level. Quantum correc-
tions are however expected to fix its mass to be
one-loop suppressed with respect to the supersym-

metry breaking scale m2
G̃
⇠ g2

16⇡2F , that has to be
above the reheating temperature for our model to
be self-consistent. In string e↵ective supergravities
it is also often the case for the sgoldstino to be light,
with mass of the order the gravitino mass [19]. This
is also however a model-dependent statement; this
can be avoided in models with a large Riemann cur-
vature in the Kahler space [20]. On the other hand,
asking for m3/2 ⌧ MSUSY implies

⇤mess ⌧ MPl (3)

and in the energy range under consideration the
Renormalisation Group Equations (RGEs) are
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those of the SM. In particular for a Higgs boson
of 126 GeV, it leads to a vanishing of the quartic
coupling at scales of order 2⇥1010 GeV to 3⇥1011

GeV depending on the assumption on the degener-
acy of super particles soft masses, the exact value
of the top mass and the strong interaction gauge
coupling (see for instance [21]), so we take:

MSUSY . {1010 � 1011}GeV (4)

Allowed supersymmetry breaking scales beyond
this value can be achieved by a modification of the
RGEs through introduction of new light particles.
We shall not discuss these cases in details here, the
generalisation being straightforward.

2. The cosmological parameter:

The cosmological history described here starts af-
ter the Universe is reheated. Some assumptions
are made for this epoch: (i) The reheating temper-
ature TRH is small enough to not produce super-
partners of the Standard Model particles, thereof
TRH . MSUSY (ii) in the reheating process gold-
stinos are scarcely produced. This second condi-
tion is a constraint of the nature of the inflaton,
its scalar potential and the branching ratios in its
decay. A discussion of the production of goldstinos
at the end of inflation can be found for example in
[17] .

We consider that the dark matter gravitino inter-
actions are well approximated by the helicity ±1/2
components. This is true in virtue of the equiva-
lence theorem if the energy E of the gravitinos is
much bigger than their mass. Approximating the
former by the temperature T of the SM particles
in equilibrium leads to the mass hierarchies that
defines the self-consistency of our setup:

m3/2 ⌧ TRH . MSUSY .
p
F . ⇤mess ⌧ MPl

(5)

Note that our bound on the reheating temperature
is compatible with thermal leptogenesis. In fact,
a lower bound of the reheating temperature is ob-
tained when the latter is identified with the mass of
the lightest right handed neutrino. It is at most of
order 109 GeV but can be lower depending on as-
sumptions on the neutrinos initial abundance and
mass hierarchies (see for example [22]).

III. GOLDSTINO DARK MATTER

A. E↵ective goldstino interactions

Under the assumption m3/2 ⌧ E ⇠ T discussed
above, the gravitino interactions with SM fields are dom-
inated by the helicity ±1/2 components. Moreover, for

E ⇠ T . TRH . MSUSY , these are described by a non-
linear realization of supersymmetry in all the obervable
SM sector, since we will consider all superpartners to be
heavy and therefore not accessible in the thermal bath
after reheating1. The leading order goldstino-matter in-
teractions can be divided into two types of contributions:
universal [25] and non-universal ones [26, 27, 30]. We will
restrict our analysis to the former, s that corresponds to
the minimal couplings expected from the low energy the-
orem2. Their construction starts by defining a ”vierbein”
[28]

eam = �am � i

2F 2
@mG�aḠ+

i

2F 2
G�a@mḠ , (6)

that under a supersymmetry transformation of parame-
ter ✏ transform as a di↵eomorphism in general relativity

�eam = @m⇠
nean + ⇠n@ne

a
m , (7)

where ⇠n = i
F ena(✏�

aḠ�G�a✏̄). The couplings to matter
in this original geometrical prescription follows therefore
the standard coupling to matter of a metric tensor built
out from the vierbein gmn = ⌘abeamebn. The correspond-
ing goldstino-matter e↵ective operators are consequently
of dimension eight and take the form:

L2G =
i

2F 2
(G�µ@⌫Ḡ� @⌫G�µḠ)Tµ⌫ , (8)

where G is the goldstino field and Tµ⌫ is the energy mo-
mentum tensor of the SM matter fields. The energy mo-
mentum tensor is given by:

Tµ⌫ = � 2p
�g

�S̃

�gµ⌫
|g

µ⌫

=⌘
µ⌫

= +⌘µ⌫L̃
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X

a

iDµ ̄a�̄⌫ a �DµHD⌫H
† +

X

SMgroup

1

2
F a⇠
µ F a

⌫⇠

+(µ $ ⌫) (9)

in which S̃ =
R
d4x

p
�gL̃. The scalar potential and mass

terms for scalar and fermions appear in the first term.
After the contraction between ⌘µ⌫ and G�µ@⌫Ḡ, the on-
shell production of two goldstinos give a cross section
proportional tom2

3/2. Asm3/2 is much smaller than TRH ,
these contributions can be neglected, as we will see later.

1 Reheating temperature below superpartner masses was proposed
and investigated in particular in [23] and [24]. The novelty in our
case is that we consider high-scale supersymmetry, so our reheat-
ing temperature is much higher compared to these references.

2 As we will see, our result will not depend drastically on this
hypothesis

Once <F> and/or <D> acquire a vev, SUSY is broken and generates 
gravitino mass. The breaking is then mediated to the SUSY sectors 

by messengers  to generate the SUSY spectrum

The low energy spectrum is then only the SM + the gravitino
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shell production of two goldstinos give a cross section
proportional tom2

3/2. Asm3/2 is much smaller than TRH ,
these contributions can be neglected, as we will see later.

1 Reheating temperature below superpartner masses was proposed
and investigated in particular in [23] and [24]. The novelty in our
case is that we consider high-scale supersymmetry, so our reheat-
ing temperature is much higher compared to these references.

2 As we will see, our result will not depend drastically on this
hypothesis

3

those of the SM. In particular for a Higgs boson
of 126 GeV, it leads to a vanishing of the quartic
coupling at scales of order 2⇥1010 GeV to 3⇥1011

GeV depending on the assumption on the degener-
acy of super particles soft masses, the exact value
of the top mass and the strong interaction gauge
coupling (see for instance [21]), so we take:

MSUSY . {1010 � 1011}GeV (4)

Allowed supersymmetry breaking scales beyond
this value can be achieved by a modification of the
RGEs through introduction of new light particles.
We shall not discuss these cases in details here, the
generalisation being straightforward.

2. The cosmological parameter:

The cosmological history described here starts af-
ter the Universe is reheated. Some assumptions
are made for this epoch: (i) The reheating temper-
ature TRH is small enough to not produce super-
partners of the Standard Model particles, thereof
TRH . MSUSY (ii) in the reheating process gold-
stinos are scarcely produced. This second condi-
tion is a constraint of the nature of the inflaton,
its scalar potential and the branching ratios in its
decay. A discussion of the production of goldstinos
at the end of inflation can be found for example in
[17] .

We consider that the dark matter gravitino inter-
actions are well approximated by the helicity ±1/2
components. This is true in virtue of the equiva-
lence theorem if the energy E of the gravitinos is
much bigger than their mass. Approximating the
former by the temperature T of the SM particles
in equilibrium leads to the mass hierarchies that
defines the self-consistency of our setup:

m3/2 ⌧ TRH . MSUSY .
p
F . ⇤mess ⌧ MPl

(5)

Note that our bound on the reheating temperature
is compatible with thermal leptogenesis. In fact,
a lower bound of the reheating temperature is ob-
tained when the latter is identified with the mass of
the lightest right handed neutrino. It is at most of
order 109 GeV but can be lower depending on as-
sumptions on the neutrinos initial abundance and
mass hierarchies (see for example [22]).

III. GOLDSTINO DARK MATTER

A. E↵ective goldstino interactions

Under the assumption m3/2 ⌧ E ⇠ T discussed
above, the gravitino interactions with SM fields are dom-
inated by the helicity ±1/2 components. Moreover, for

E ⇠ T . TRH . MSUSY , these are described by a non-
linear realization of supersymmetry in all the obervable
SM sector, since we will consider all superpartners to be
heavy and therefore not accessible in the thermal bath
after reheating1. The leading order goldstino-matter in-
teractions can be divided into two types of contributions:
universal [25] and non-universal ones [26, 27, 30]. We will
restrict our analysis to the former, s that corresponds to
the minimal couplings expected from the low energy the-
orem2. Their construction starts by defining a ”vierbein”
[28]

eam = �am � i

2F 2
@mG�aḠ+
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case is that we consider high-scale supersymmetry, so our reheat-
ing temperature is much higher compared to these references.

2 As we will see, our result will not depend drastically on this
hypothesis

One can deduce the vierbein of the theory, just from the hypothesis that the 
longitudinal part of the gravitino is the goldstino of the SUSY transformation*

* see the incredibly modern article « Is the Neutrino a Goldstone particle » by D.V. Volkov and V.P. Akulov,Phys. Lett. B 46 (1973) 109 
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those of the SM. In particular for a Higgs boson
of 126 GeV, it leads to a vanishing of the quartic
coupling at scales of order 2⇥1010 GeV to 3⇥1011

GeV depending on the assumption on the degener-
acy of super particles soft masses, the exact value
of the top mass and the strong interaction gauge
coupling (see for instance [21]), so we take:
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Allowed supersymmetry breaking scales beyond
this value can be achieved by a modification of the
RGEs through introduction of new light particles.
We shall not discuss these cases in details here, the
generalisation being straightforward.

2. The cosmological parameter:

The cosmological history described here starts af-
ter the Universe is reheated. Some assumptions
are made for this epoch: (i) The reheating temper-
ature TRH is small enough to not produce super-
partners of the Standard Model particles, thereof
TRH . MSUSY (ii) in the reheating process gold-
stinos are scarcely produced. This second condi-
tion is a constraint of the nature of the inflaton,
its scalar potential and the branching ratios in its
decay. A discussion of the production of goldstinos
at the end of inflation can be found for example in
[17] .

We consider that the dark matter gravitino inter-
actions are well approximated by the helicity ±1/2
components. This is true in virtue of the equiva-
lence theorem if the energy E of the gravitinos is
much bigger than their mass. Approximating the
former by the temperature T of the SM particles
in equilibrium leads to the mass hierarchies that
defines the self-consistency of our setup:
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(5)

Note that our bound on the reheating temperature
is compatible with thermal leptogenesis. In fact,
a lower bound of the reheating temperature is ob-
tained when the latter is identified with the mass of
the lightest right handed neutrino. It is at most of
order 109 GeV but can be lower depending on as-
sumptions on the neutrinos initial abundance and
mass hierarchies (see for example [22]).

III. GOLDSTINO DARK MATTER
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inated by the helicity ±1/2 components. Moreover, for

E ⇠ T . TRH . MSUSY , these are described by a non-
linear realization of supersymmetry in all the obervable
SM sector, since we will consider all superpartners to be
heavy and therefore not accessible in the thermal bath
after reheating1. The leading order goldstino-matter in-
teractions can be divided into two types of contributions:
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terms for scalar and fermions appear in the first term.
After the contraction between ⌘µ⌫ and G�µ@⌫Ḡ, the on-
shell production of two goldstinos give a cross section
proportional tom2

3/2. Asm3/2 is much smaller than TRH ,
these contributions can be neglected, as we will see later.

1 Reheating temperature below superpartner masses was proposed
and investigated in particular in [23] and [24]. The novelty in our
case is that we consider high-scale supersymmetry, so our reheat-
ing temperature is much higher compared to these references.

2 As we will see, our result will not depend drastically on this
hypothesis
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Then the 2 ! 2 scatterings for the goldstino production
is dominated by the following operators3

i

2F 2
(G�µ@⌫Ḡ� @⌫G�µḠ)(@µH@⌫H

† + @µH@⌫H
†),

1

8F 2
(G�µ@⌫Ḡ� @⌫G�µḠ)⇥

( ̄�̄⌫@µ +  ̄�̄µ@⌫ � @µ �̄⌫ � @⌫ �̄µ ),
X

a

i

2F 2
(G�⇠@µḠ� @µG�

⇠Ḡ)Fµ⌫aF a
⌫⇠, (10)

where h,  and F a
⌫⇠ stand for a complex scalar (Higgs

doublet), gauge bosons and two-component fermions
(quarks and leptons), respectively. The expression of
these interactions in four-components Dirac spinors and
�-matrices notation is provided in the appendix. An-
other way to describe the two goldstinos interactions to
matter is to replace the superpartner soft mass terms
by couplings between the goldstino superfield and the
matter superfield multiplets. One can integrate out the
heavy (superpartner) components and to eliminate them
as a function of the light degrees of freedom : the SM
fields and goldstino. This leads to an e↵ective low-energy
theory where the incomplete multiplets are described in
terms of constrained superfields [27, 29]. The kinetic
terms of the sparticles will then lead to dimension-eight
operators containing two goldstinos and two SM fields
that generically di↵er from the ones computed from the
low-energy theorem couplings [26]. For the gauge and the
SM fermion sectors, the resulting cross sections only dif-
fer in the angular distribution and numerical constants,
whereas the energy dependence is the same as for the
low-energy theorem couplings.

Since the masses of the superpartners are of order
MSUSY <

p
F , one can worry about e↵ective oper-

ators generated after decoupling heavy superpartners,
with larger coe�cients. In particular, there can be
dimension-eight operators proportional to 1/M4

SUSY and
1/M2

SUSY F , that would be dominant over the universal
couplings we use in our paper. This issue was investi-
gated in the first reference in [29], where it was shown
that starting from MSSM only dimension-eight R-parity
violating couplings of this type are generated. Their ef-
fect on the gravitino production was investigated more
recently in [24].

3 See the appendix for the expression of these operators in 4-
component Dirac spinors and �-matrices notation.

B. Computation of the gravitino relic density

1. The framework

Contrarily to the weakly interacting neutralino, the grav-
itino falls in the category of feebly interacting dark mat-
ter. Its interactions at high energies are goverened by
the helicity-1/2 component whose couplings are natu-
rally suppressed by the supersymmetry breaking scale.
In gravity mediated supersymmetry breaking the grav-
itino is often heavier than the supersymmetric spectrum
that it generates. As a consequence, if the gravitino is not
su�ciently heavy (ie below 30 TeV) it is a long-lived par-
ticle which usually decay around the BBN epoch. This
gives rise to the famous ”gravitino problem” [31, 32]. In
that case, in order to minimize the observable e↵ects,
the gravitino density has to be small enough at the cost
of an upper bound on the reheating temperature of the
Universe (see eg [33]). On the other hand, if gravitino is
the LSP, it can be a very good dark matter candidate, ei-
ther as stable or metastable particle, with lifetime much
longer than the age of the Universe. The gravitino was
in fact the first supersymmetric dark matter candidate
ever proposed by Pagels and Primack [34]. Then sev-
eral groups generalised and refined the thermal analysis
and computed the relic abundance of gravitino [35, 36],
assuming that the goldstino component dominates the
production, i.e. the gravitino is su�ciently lighter than
the other superpartners. The relic abundance of graviti-
nos is then given by

⌦3/2h
2 ⇠ 0.3

✓
1 GeV

m3/2

◆✓
TRH

1010 GeV

◆X

i

ci

✓
Mi

100 GeV

◆2

,

(11)
where ci are coe�cient of order one, and Mi are the three
gaugino masses. We clearly see from Eq.(11) that the
density is settled by the reheating temperature. Lower
limits onM3 obtained by the non-observation of gluino at
LHC set (for a given gravitino mass) an upper limit on re-
heating temperature to avoid overclosure of the Universe.
These constraints are usually in tension with baryogene-
sis mechanisms [22].

On the other hand, all the scenario discussed above
made the hypothesis of thermal production of gravitino,
through supersymmetric partners in thermal equilibrium
with the primordial plasma. However, if for some reasons
the supersymmetric breaking scale is above the reheating
temperature, the SM superpartners will be too heavy to
reach the thermal equilibrium. A way to produce then
the gravitino as a dark matter candidate is through a
freeze-in mechanism. In this scenario, the gravitinos are
produced at a rate smaller than the one corresponding
to the expansion of the Universe, therefore they do not
have time to reach the thermal equilibrium. It ”freezes
in” in the process to reach it as the strong suppression of
the scattering cross sections by the scale F 2 in Eq.(10)
prevents the gravitinos to be in thermal equilibrium with

Which gives the Lagrangian between the SM and the goldstino

Notice how the Lagrangian has suppressed coupling (1/F2) and strong energy/
temperature dependance  
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the Standard Model bath.

2. Gravitino production through freeze in

From the interaction generated through the lagrangian
Eq.(10), one can compute the production rate R =
n2
eqh�vi of the gravitino G̃, generated by the annihilation

of the standard model bath of density neq. The detail of
the computation is developed in the appendix Eq.(27),
and we obtain

R =
X

i

n2
eqh�vii ' 21.65⇥ T 12

F 4
(12)

The Boltzmann equation for the gravitino density n3/2

can be written

dY3/2

dx
=

✓
45

g
⇤

⇡

◆3/2 1

4⇡2

MP

m5
3/2

x4R, (13)

with x = m3/2/T , Y3/2 = n3/2/s, s the density of en-
tropy and g

⇤

is the e↵ective number of degrees of freedom
thermalized at the time of gravitino decoupling (106.75
for the Standard Model). Here, we use the Planck mass
MP = 1.2⇥ 1019 GeV. We then obtain after integration

Y3/2 =
21.65MPT 7

RH

28⇡2F 4

✓
45

g
⇤

⇡

◆3/2

' 3.85⇥ 10�3 MPT 7
RH

F 4

(14)

The relic abundance

⌦h2 =
⇢3/2
⇢0c

=
Y3/2 s0 m3/2

⇢0c
' 5.84⇥ 108 Y3/2

⇣ m3/2

1 GeV

⌘

(15)
is then

⌦3/2h
2 ' 0.11

✓
100 GeV

m3/2

◆3 ✓ TRH

5.4⇥ 107 GeV

◆7

(16)

As we notice, the dependence on the reheating tempera-
ture is completely di↵erent from the case where the grav-
itino is produced through the scattering of the gaugino in
Eq.(11). A similar behavior can be observed in SO(10)
framework [37] or in extended neutrino sectors [23] . All
these models have in common that the production pro-
cess appears at the beginning of the thermal history, and
is then very mildly dependent on the hypothesis or the
physics appearing after reheating. The reheating tem-
perature is then a prediction of the model (for a given

gravitino mass) once one applies the experimental con-
straints of WMAP [38] and PLANCK [39]. Another in-
teresting point, is that a look at Eqs.(14) and (16) shows
that even the dependance on the particle content is very
mild. Indeed, due to the large power T 7

RH, the total num-
ber of degrees of freedom, or even channels does not in-
fluence that much the final reheating temperature, which
is predicted to be around 108 GeV for a gravitino with
electroweak scale. Even the hypothesis of universal cou-
plings [25] or non-universal ones [26, 27] will not a↵ect
drastically our Eq.(16).

FIG. 1: Region in the parameter space (m3/2;TRH) respecting
the relic abundance constraint [38, 39] from Eq.(16). The points
above the black line are excluded because gravitino would overclose
the Universe. The blue line constraint is from the Higgs mass with
an observed value 125 GeV, which sets a upper limit for the scale
of supersymmetry breaking (Eq.4).

Our result is plotted in Fig.(1) where we represent
the parameter space allowed by the relic abundance con-
straints ⌦3/2h

2 ' 0.12 [38, 39]. As we notice, there exist
a large part of the parameter space allowed by cosmol-
ogy, giving reasonable values of TRH ' 105�1010 GeV for
a large range of gravitino masses MeV-PeV. The region
below the orange (dashed) line is excluded as the grav-
itino would be too heavy to be produced by freeze–in
mechanism, whereas the region above the green (dotted)
line corresponds to a freeze out scenario. In the latter
region, the production cross section h�vi is su�ciently
high to reach the thermal equilibrium. This occurs when
nh�vi & H(TRH) ' T 2

RH/MPl. A quick look at Eq.(12)
shows that such large cross section is obtained for high re-
heating temperature or small values of F (and thus light
gravitino), explaining the shape of the green region in
Fig.(1). However, once the gravitino is in thermal equi-
librium, its density is given by the classical Freeze Out
(FO) mechanism

⌦FO
3/2 =

n3/2m3/2

⇢0c
) ' 0.1

⇣ m3/2

180 eV

⌘
(17)
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MP = 1.2⇥ 1019 GeV. We then obtain after integration

Y3/2 =
21.65MPT 7

RH

28⇡2F 4

✓
45

g
⇤

⇡

◆3/2

' 3.85⇥ 10�3 MPT 7
RH

F 4

(14)

The relic abundance

⌦h2 =
⇢3/2
⇢0c

=
Y3/2 s0 m3/2

⇢0c
' 5.84⇥ 108 Y3/2

⇣ m3/2

1 GeV

⌘

(15)
is then

⌦3/2h
2 ' 0.11

✓
100 GeV

m3/2

◆3 ✓ TRH

5.4⇥ 107 GeV

◆7

(16)

As we notice, the dependence on the reheating tempera-
ture is completely di↵erent from the case where the grav-
itino is produced through the scattering of the gaugino in
Eq.(11). A similar behavior can be observed in SO(10)
framework [37] or in extended neutrino sectors [23] . All
these models have in common that the production pro-
cess appears at the beginning of the thermal history, and
is then very mildly dependent on the hypothesis or the
physics appearing after reheating. The reheating tem-
perature is then a prediction of the model (for a given

gravitino mass) once one applies the experimental con-
straints of WMAP [38] and PLANCK [39]. Another in-
teresting point, is that a look at Eqs.(14) and (16) shows
that even the dependance on the particle content is very
mild. Indeed, due to the large power T 7

RH, the total num-
ber of degrees of freedom, or even channels does not in-
fluence that much the final reheating temperature, which
is predicted to be around 108 GeV for a gravitino with
electroweak scale. Even the hypothesis of universal cou-
plings [25] or non-universal ones [26, 27] will not a↵ect
drastically our Eq.(16).

FIG. 1: Region in the parameter space (m3/2;TRH) respecting
the relic abundance constraint [38, 39] from Eq.(16). The points
above the black line are excluded because gravitino would overclose
the Universe. The blue line constraint is from the Higgs mass with
an observed value 125 GeV, which sets a upper limit for the scale
of supersymmetry breaking (Eq.4).

Our result is plotted in Fig.(1) where we represent
the parameter space allowed by the relic abundance con-
straints ⌦3/2h

2 ' 0.12 [38, 39]. As we notice, there exist
a large part of the parameter space allowed by cosmol-
ogy, giving reasonable values of TRH ' 105�1010 GeV for
a large range of gravitino masses MeV-PeV. The region
below the orange (dashed) line is excluded as the grav-
itino would be too heavy to be produced by freeze–in
mechanism, whereas the region above the green (dotted)
line corresponds to a freeze out scenario. In the latter
region, the production cross section h�vi is su�ciently
high to reach the thermal equilibrium. This occurs when
nh�vi & H(TRH) ' T 2

RH/MPl. A quick look at Eq.(12)
shows that such large cross section is obtained for high re-
heating temperature or small values of F (and thus light
gravitino), explaining the shape of the green region in
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(FO) mechanism

⌦FO
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n3/2m3/2
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⇣ m3/2

180 eV

⌘
(17)
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pré-conclusion

« To the great disappointment of many, experimental searches at the 
LHC so far have found no evidence for the superpartners predicted by 

N  =  1 supersymmetry. However, there is no reason to give up on the 
idea of supersymmetry as such, since the refutation of low-energy 

supersymmetry would only mean that the most simple-minded way of 
implementing this idea does not work. Indeed, the initial excitement 

about supersymmetry in the 1970s had nothing to do with the hierarchy 
problem, but rather because it offered a way to circumvent the so-

called Coleman–Mandula no-go theorem – a beautiful possibility that 
is precisely not realised by the models currently being tested at the 

LHC. »

H. Nicolai, CERN courier Jan. 2017



Conclusion

We built the simplest low energy SUSY extension, where the only 
light super partner is the gravitino, whereas SUSY scale is pushed 

above the reheating temperature. 

Through its goldstino component, the gravitino still couples (very 
weakly) to the standard model, and  allows for the right amount of 

dark matter through a thermal freeze in mechanism. 

That a minimal model of gravitino dark matter.
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The FIMP mechanism 
Freezing in the dark matter

The dark matter is produced from the thermal bath 
but at a very slow rate, until the expansion rate 

dominates the annihilation (H > Γ)
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3 examples

SO(10)  particle

High scale symmetry breaking

Supergravity scenario
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All these scenarii have in common the fact that their coupling 
to the Standard Model sector is reduced because the breaking 

scale is  much heavier than the reheating temperature:  

U(1) breaking scale  
Unification scale 

SUSY breaking scale

Their early cosmology behavior and phenomenology are 
however completely different due to their temperature 

dependance.



U(1) breakingLet suppose the simplest extension of the SM 
with the addition of a global U(1) symmetry 

LPT–Orsay 17-??

Freezing in Peccei-Quinn
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Motivated by the absence of WIMP signal in the recent direct and indirect detection searches, we
consider a scenario where the breaking of an abelian symmetry generates the resonant annihilation
of photons into the Nambu-Goldstone of the theory, the dark matter candidate. The couplings are
generated by loops of heavy fermions which masses are also determined by the scale of the U(1)
breaking. In other words, all the parameters of the model are dynamically generated and naturally
leads to the right amount of dark matter for a breaking scale of the order of unification scale and a
very light Nambu-Goldstone boson at the keV range.

I. INTRODUCTION

The nature of dark matter is still one of the more chal-
lenging unresolved issue issue of the XXth century [1, 2].
Whereas the present experiments reached unprecedented
sensitivity, not a single signal has yet been claimed at a
discovery level. Indeed, the recent analysis on dark mat-
ter detections, from the indirect methods by its annihi-
lation products (FERMI [3], HESS [4], AMS [5]) or its
direct detection processes through the measurements of
nuclear recoils (LUX [6], PANDAX [7] or XENON100 [8])
still did not find any significative signals. However, the
sensitivity reached by the di↵erent groups begins to ex-
clude large parts of the parameter space predicted by sim-
ple WIMPly extensions of the Standard Model (Higgs-
portal [9], Z-portal [10], even Z’ portal [11]. In any case,
the future direct [12] and indirect [13] will give us a defini-
tive status of the WIMP paradigm in the next decade.

In the meantime, there nature of dark matter is far to be
limited to WIMP scenario in a freeze out context. A lot
of alternative are (at least) as elegant. One of them is the
Freeze In (FIMP) [17] scenario, where the dark matter
is slowly produces from the thermal bath, while being
frozen in the process of reaching the thermal equilibrium.
Due to the yields Y avoid the overabundance of the dark
matter1 (Y . 10�8 for a dark matter mass of 1 GeV)
one understands that the FIMP hypothesis require a very
sequestered sector [17], or very heavy mediators [18].

An interesting and unstudied scenario is when the U(1)
breaking scale ⇤ lies above the reheating temperature
TRH . If the scale is su�ciently large, the dark matter
does not have the opportunity to reach the thermal equi-
librium, its coupling to the standard model particles be-
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‡ yann.mambrini@th.u-psud.fr
1 The Yields Y is defined as the ratio of the relic number density

n to the density of entropy s, Y = n/s

ing reduced by ' T/⇤.

Motivation for Axion–like particle

Motivation from 750 GeV

No SUSY, no WIMPS

Intermediate scale + Higher scale motivated (Higgs po-
tential, String, stability of the Higgs)

Motivation for Peccei-Quinn Symmetries and anoma-
lies cancellation (especially in strings)

Motivations for keV dark matter (warm vs cold even if
last simulation from Frenk.., self interaction, 3.5 keV...)

The paper is organized as follows. After a brief intro-
duction of the model, we compute the parameter space
cosmologically allowed in the e↵ective approach. In a
second part, we embed the construction in a microscop-
ical framework, where the couplings are generated by
fermions loops. We study the constraints on these new
fermions imposed by the relic abundance and conclude on
the prospects of discovery at the LHC in a near future.

II. THE EFFECTIVE APPROACH

A. The model

The minimal addition to the Standard Model content,
is a complex field � = s+iap

2
, where the scalar part s

should play the role of the mediator between the Stan-
dard Model bath and the dark candidate a. The more
general Lagrangian respecting can be written at the ef-
fective level

L0 =
1

⇤
�Bµ⌫B

µ⌫ + µ2
�|�|2 � �|�|4 +

✏2�
2

�2 + h.c. (1)
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�Bµ⌫B

µ⌫ + µ2
�|�|2 � �|�|4 +

✏2�
2

�2 + h.c. (1)

If Λ >> TRH, the production rate of the dark matter a 
is strongly reduced, and we are in a freeze in context.

2

with Fµ⌫ is the field strength of the hypercharge field2

Bµ, Bµ⌫ = @µB⌫ � @⌫Bµ, and ✏2� stands for an explicit
breaking (✏� ⌧ µ�) term which can be cause by instan-
ton e↵ects for instance. This term will generate explicit
mass term for the would-be massless goldstone boson a,
axial part of the field �. In Eq.(1), ⇤ represent a generic
”Beyond the Standard Model” scale, which should be re-
lated, as we will developed in a following section, to the
mass of the fermions running in the loop to generate the
�Bµ⌫B

µ⌫ term.

At a temperature T below µ�, a phase transition oc-
curs, generating the spontaneous breaking of the U(1)
symmetry. After the symmetry breaking, the field scalar
part will acquire a vev v� = µ

�p
�
, generating a mass term

ms =
p

2µ�. In the meantime, the explicit breaking term
✏� gives a tiny mass to the pseudoscalar, respecting a Z2

symmetry of the Lagrangian [14] insuring the stability of
a as a dark matter candidate. The relevant part of the
Lagrangian can then be written

L0 =

p
2

⇤
sBµ⌫B

µ⌫ � m2
s

2
s2 � ms

r
�

2
sa2 � �

2
s2a2 (2)

It is then straightforward to compute the relic abundance
of the pseudo-scalar particle a in this context.

B. The relic abundance constraints

In our model, if the breaking scale of our dark U(1)
symmetry occurs above the reheating temperature, ⇤ will
be too large to allow a to reach the thermal equilibrium
with the primordial plasma. In this case, it has been
produced at a relatively slow rate until its cosmological
value ⌦h2 ' 0.1. The process is depicted in Fig.(1).
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FIG. 1: Feynman diagram depicting the freeze in production of
the dark matter a through the s resonance.

2 We will consider, by simplicity, the coupling of the dark field to
the abelian U(1)Y gauge fields of the Standard Model. Gener-
alization to the non-abelian case is straightforward and do not
a↵ect our result.

The majority of the dark matter is then generated once
the temperature of the bath T reach the pole region
T ' ms/2, as we will see later. It is straightforward
to compute the production rate R = n2

Bh�vi3

R = n2
eqh�vii =

Z
f1f2d cos �

E1E2dE1dE2

1024⇡6

Z
|M|2d⌦

with fi = 1
eEi

/T±1
for a fermionic (bosonic) distribution,

� is the angle between the colliding particles 1 and 2 of
energies E1 and E2 respectively in the laboratory frame,
and ⌦ is the solid angle between the incoming particle 1
and outgoing particle 3 in the center of mass frame4.

From the Lagrangian Eq.(2) one can compute the ampli-
tude M,

M = i8
p

�
ms

⇤

[(P1.✏2)(P2.✏1) � (P1.P2)(✏1.✏2)]

s � m2
s + ims�s

(3)

where P1 and P2 are the four-momenta of the incom-
ing particles and �s is the decay whidh of the scalar,
which reads , which gives using the Narrow Width
Approximation (NWA)

/————————————————————————

�s =
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"
�
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s

1 � m2
a

m2
s

+
⇣ms

⇤

⌘2
#

. (4)

If � ⌧ 1 and/or ms ⌧ ⇤, we can use the Narrow
Width Approximation (NWA)5:

|M|2BB!aa = 8�
⇣ms

⇤

⌘2 s2

(s � m2
s)

2 + m2
s�

2
s

⇡ 8⇡�
1

ms�s

⇣ms

⇤

⌘2
s2�(s � m2

s)

(5)

————————————————————————/

3 Maybe it is better to unify notation with the appendix. I can do
that later.

4 See refs [44] and [17] for details
5 In reference [? ] it is stated that in order to the NWA to wrk,
5 things have to hold. One of then is that

p
s � m

2
s. So,

the symmetry breaks when the scalar is relativistic (then we
need � ⌧ 1) and the s-channel opens giving place to the DM
production. But the freeze-in is e↵ective once the scalar becomes
non-relativistic (xs ⇠ 1, then s has to be kind of long-lived.. but
we should be able to quantify how much). This is not in tension
with the fact that we are assuming s to be short-lived in order
to NWA to hold??
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dx2
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with xi = Ei/T and we have used �s = �s!�� + �s!aa

with

�s!�� =
m3

s
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; �s!aa =

�ms

16⇡
(8)

The Boltzmann equation for the dark matter density na

can be written

dYa

dxs
=

✓
45
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◆3/2 1

4⇡

MP

m5
a

x4
sR, (9)

with x = ma/T , Ya = na/s, s the density of entropy and
g⇤ is the e↵ective number of degrees of freedom thermal-
ized at the time of gravitino decoupling (106.75 for the
Standard Model). We then obtain after integration

dY

dxs
=

ms(45/g⇤⇡)3/2MPlx
2
s
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s/�]
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dx2
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with ↵ = ⇤/ms. One can then compute the relic abun-
dance ⌦h2

⌦h2 =
na ma h2

⇢c
' 3 ⇥ 108 Ya

⇣ ma

1 GeV

⌘
(11)

' 0.48

✓
1010

ms

◆
ma/1 GeV

(↵/107)2 + (8 ⇥ 10�14/�)

One can understand intuitively the e↵ect on the pole af-
ter a look, at Eq.(10). Indeed, the maximum rate is ob-
tained of a mean center of mass energy E1 ' E2 ' ms/2,
which means that the heavier is s, the sooner the pole is
reach (high temperature) when the production cross sec-
tion, proportional to s2 is larger. In other words, heavier

1.×10
−8

2.×10
−8

3.×10
−8

4.×10
−8

0.00

0.02

0.04

0.06

0.08

0.10

0.12

ma=1 GeV

2

1/T (GeV)

Λ =10    ms
7

λ = 10
−4h

ms=10  GeV

ma=300 MeV
8

ma=3 GeV

ms=10  GeV
9

ms=3.3 10  GeV
8

Ω

FIG. 2: Evolution of the relic abundance of a as function of
1/T for di↵erent values of ma and ms, adjusted to obtain the

observed value at present time

scalar component s enlarge the production rate and then
increased naturally the density of a.

We illustrate in Fig.(2) the evolution of the relic abun-
dance as function of the temperature for di↵erent val-
ues of ma and ms, chosen to obtain the final density
⌦h2 = 0.106. We notice clearly that the rate is initi-
ated around the pole region (T ' ms), but still continue
to be relatively important until T ' ms/5, where the
Boltzmann factor is not yes drastically suppressed. For
T . ms/10, the dark matter is frozen in, as there are
not su�ciently energetic particle in the thermal bath to
reach the pole region Ei ' ms/2.

In the meantime, we can also check that the Narrow
Width Approximation we used is valid in our whole pa-
rameter space. Indeed, from Eq.(8) we clearly lie in a
region where �

s

m
s

⌧ 1.

We show in Fig.(3) the region allowed by
PLANCK/WMAP in the (ms,ma) parameter space
for � = 10�4 and di↵erent values of ↵ = ⇤/ms. Inter-
estingly, as we notice, for ms at an intermediate scale
⇠ 108 � 1010 GeV, the BSM scale ⇤ should lie around
the GUT scale.

These 3 scales necessary to obtain the right amount of
relic abundance (dark matter mass at electroweak/GeV
scale, the mediator s at intermediate ⇠ 1010 GeV scale
and the U(1) breaking energy at the GUT scale) corre-
sponds to three peculiar scales in the Nature. Indeed,
whereas a GeV dark matter particle appear ”natural”, a
scalar at the intermediate scale can solve a lot of prob-
lems, from baryogenesis [] to stabilizing the Higgs poten-
tial [] or majoron mass for a see-saw mechanism []. On
the other hand, a GUT scale for a U(1) breaking is com-
pletely natural in cases of grand unification like SU(5) []
or SO(10) [] especially if this U(1) is generated by the
breaking of a more fundamental non-abelian group [].

Maira, I let you do a scan respecting
PLANCK/WMAP on the parameters � between
10�5 � 10�1 and ⇤ between 100 ms and 107ms. Present

Let suppose the simplest extension of the SM 
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Motivated by the absence of WIMP signal in the recent direct and indirect detection searches, we
consider a scenario where the breaking of an abelian symmetry generates the resonant annihilation
of photons into the Nambu-Goldstone of the theory, the dark matter candidate. The couplings are
generated by loops of heavy fermions which masses are also determined by the scale of the U(1)
breaking. In other words, all the parameters of the model are dynamically generated and naturally
leads to the right amount of dark matter for a breaking scale of the order of unification scale and a
very light Nambu-Goldstone boson at the keV range.

I. INTRODUCTION

The nature of dark matter is still one of the more chal-
lenging unresolved issue issue of the XXth century [1, 2].
Whereas the present experiments reached unprecedented
sensitivity, not a single signal has yet been claimed at a
discovery level. Indeed, the recent analysis on dark mat-
ter detections, from the indirect methods by its annihi-
lation products (FERMI [3], HESS [4], AMS [5]) or its
direct detection processes through the measurements of
nuclear recoils (LUX [6], PANDAX [7] or XENON100 [8])
still did not find any significative signals. However, the
sensitivity reached by the di↵erent groups begins to ex-
clude large parts of the parameter space predicted by sim-
ple WIMPly extensions of the Standard Model (Higgs-
portal [9], Z-portal [10], even Z’ portal [11]. In any case,
the future direct [12] and indirect [13] will give us a defini-
tive status of the WIMP paradigm in the next decade.

In the meantime, there nature of dark matter is far to be
limited to WIMP scenario in a freeze out context. A lot
of alternative are (at least) as elegant. One of them is the
Freeze In (FIMP) [17] scenario, where the dark matter
is slowly produces from the thermal bath, while being
frozen in the process of reaching the thermal equilibrium.
Due to the yields Y avoid the overabundance of the dark
matter1 (Y . 10�8 for a dark matter mass of 1 GeV)
one understands that the FIMP hypothesis require a very
sequestered sector [17], or very heavy mediators [18].

An interesting and unstudied scenario is when the U(1)
breaking scale ⇤ lies above the reheating temperature
TRH . If the scale is su�ciently large, the dark matter
does not have the opportunity to reach the thermal equi-
librium, its coupling to the standard model particles be-
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n to the density of entropy s, Y = n/s

ing reduced by ' T/⇤.

Motivation for Axion–like particle

Motivation from 750 GeV

No SUSY, no WIMPS

Intermediate scale + Higher scale motivated (Higgs po-
tential, String, stability of the Higgs)

Motivation for Peccei-Quinn Symmetries and anoma-
lies cancellation (especially in strings)

Motivations for keV dark matter (warm vs cold even if
last simulation from Frenk.., self interaction, 3.5 keV...)

The paper is organized as follows. After a brief intro-
duction of the model, we compute the parameter space
cosmologically allowed in the e↵ective approach. In a
second part, we embed the construction in a microscop-
ical framework, where the couplings are generated by
fermions loops. We study the constraints on these new
fermions imposed by the relic abundance and conclude on
the prospects of discovery at the LHC in a near future.

II. THE EFFECTIVE APPROACH

A. The model

The minimal addition to the Standard Model content,
is a complex field � = s+iap

2
, where the scalar part s

should play the role of the mediator between the Stan-
dard Model bath and the dark candidate a. The more
general Lagrangian respecting can be written at the ef-
fective level

L0 =
1

⇤
�Bµ⌫B

µ⌫ + µ2
�|�|2 � �|�|4 +

✏2�
2

�2 + h.c. (1)
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should play the role of the mediator between the Stan-
dard Model bath and the dark candidate a. The more
general Lagrangian respecting can be written at the ef-
fective level

L0 =
1

⇤
�Bµ⌫B

µ⌫ + µ2
�|�|2 � �|�|4 +

✏2�
2

�2 + h.c. (1)

If Λ >> TRH, the production rate of the dark matter a 
is strongly reduced, and we are in a freeze in context.

2

with Fµ⌫ is the field strength of the hypercharge field2

Bµ, Bµ⌫ = @µB⌫ � @⌫Bµ, and ✏2� stands for an explicit
breaking (✏� ⌧ µ�) term which can be cause by instan-
ton e↵ects for instance. This term will generate explicit
mass term for the would-be massless goldstone boson a,
axial part of the field �. In Eq.(1), ⇤ represent a generic
”Beyond the Standard Model” scale, which should be re-
lated, as we will developed in a following section, to the
mass of the fermions running in the loop to generate the
�Bµ⌫B

µ⌫ term.

At a temperature T below µ�, a phase transition oc-
curs, generating the spontaneous breaking of the U(1)
symmetry. After the symmetry breaking, the field scalar
part will acquire a vev v� = µ

�p
�
, generating a mass term

ms =
p

2µ�. In the meantime, the explicit breaking term
✏� gives a tiny mass to the pseudoscalar, respecting a Z2

symmetry of the Lagrangian [14] insuring the stability of
a as a dark matter candidate. The relevant part of the
Lagrangian can then be written

L0 =

p
2

⇤
sBµ⌫B

µ⌫ � m2
s

2
s2 � ms

r
�

2
sa2 � �

2
s2a2 (2)

It is then straightforward to compute the relic abundance
of the pseudo-scalar particle a in this context.

B. The relic abundance constraints

In our model, if the breaking scale of our dark U(1)
symmetry occurs above the reheating temperature, ⇤ will
be too large to allow a to reach the thermal equilibrium
with the primordial plasma. In this case, it has been
produced at a relatively slow rate until its cosmological
value ⌦h2 ' 0.1. The process is depicted in Fig.(1).
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FIG. 1: Feynman diagram depicting the freeze in production of
the dark matter a through the s resonance.

2 We will consider, by simplicity, the coupling of the dark field to
the abelian U(1)Y gauge fields of the Standard Model. Gener-
alization to the non-abelian case is straightforward and do not
a↵ect our result.

The majority of the dark matter is then generated once
the temperature of the bath T reach the pole region
T ' ms/2, as we will see later. It is straightforward
to compute the production rate R = n2

Bh�vi3

R = n2
eqh�vii =

Z
f1f2d cos �

E1E2dE1dE2

1024⇡6

Z
|M|2d⌦

with fi = 1
eEi

/T±1
for a fermionic (bosonic) distribution,

� is the angle between the colliding particles 1 and 2 of
energies E1 and E2 respectively in the laboratory frame,
and ⌦ is the solid angle between the incoming particle 1
and outgoing particle 3 in the center of mass frame4.

From the Lagrangian Eq.(2) one can compute the ampli-
tude M,

M = i8
p

�
ms

⇤

[(P1.✏2)(P2.✏1) � (P1.P2)(✏1.✏2)]

s � m2
s + ims�s

(3)

where P1 and P2 are the four-momenta of the incom-
ing particles and �s is the decay whidh of the scalar,
which reads , which gives using the Narrow Width
Approximation (NWA)

/————————————————————————
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m2
s

+
⇣ms

⇤

⌘2
#

. (4)

If � ⌧ 1 and/or ms ⌧ ⇤, we can use the Narrow
Width Approximation (NWA)5:

|M|2BB!aa = 8�
⇣ms

⇤

⌘2 s2

(s � m2
s)

2 + m2
s�

2
s

⇡ 8⇡�
1

ms�s

⇣ms

⇤

⌘2
s2�(s � m2

s)

(5)

————————————————————————/

3 Maybe it is better to unify notation with the appendix. I can do
that later.

4 See refs [44] and [17] for details
5 In reference [? ] it is stated that in order to the NWA to wrk,
5 things have to hold. One of then is that

p
s � m

2
s. So,

the symmetry breaks when the scalar is relativistic (then we
need � ⌧ 1) and the s-channel opens giving place to the DM
production. But the freeze-in is e↵ective once the scalar becomes
non-relativistic (xs ⇠ 1, then s has to be kind of long-lived.. but
we should be able to quantify how much). This is not in tension
with the fact that we are assuming s to be short-lived in order
to NWA to hold??
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III. A MICROSCOPIC APPROACH

We have just seen that a simple global U(1) extension
of the Standard Model with a breaking scale above the
reheating temperature can accounts for the right amount
of dark matter through a freeze in mechanism. However,
the �Bµ⌫B

µ⌫ term of the Lagrangian L0 Eq.(1) is an
e↵ective term which should have been generated at mi-
croscopic level by loops of fermions. This is what we
propose to analyze in the next section.

A. The model

We can suppose that the fermions couples to the scalar
field s following

L = L0 �
yFp

2
sF̄F � MF F̄F (12)

with MF = y
Fp
2
v� = m

S

2
p
�
. In the case of interests for us,

� ⌧ 1 which implies MF � ms.

We can then compute the e↵ective scale ⇤ corresponding
to the fermionic couplings [19] noticing that in the dy-
namical version, the masses of the fermions are tied with
the breaking scale, we obtained
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FIG. 4: Feynman diagram generated by the fermions coupling
from Eq.(12)

⇤ =
8⇡msp

� ↵1 Tr[Q2
f ]

f1/2(⌧) (13)

with ↵1 = g21/4⇡, ⌧ = m2
s/4M2

F and

f1/2(⌧) = 2
⌧ + (⌧ � 1) arcsin2(

p
⌧)

⌧2
(14)

Maira, check this result. I think should be a color
factor of 3 in front of the trace, but I let you check it
before putting it.

The fact that the sBµ⌫B
µ⌫ is generated by loops of

fermions whose mass are dynamical renders the scale ⇤
completely determined by the fundamental parameters
of the theory, and we obtain ⇤ ' v� as we would have
expected. We show in Fig.(5) the regio,n of the param-
eter space respecting the cosmological constraint for one
fermion of hypercharge 1. add some comments about the
plot here.

B. A complete UV model

The �Bµ⌫B
µ⌫ term of the Lagrangian L0 Eq.(1) is obvi-

ously not U(1) invariant, neither the one generating the
couplings through fermions loops in Eq.(12). However,
it is possible to embed all of them in a U(1) invariant
model writting

L = �yF�F̄LFR + µ2
�|�|2 � �|�|4 +

✏2�
2

�2 + h.c. (15)

where the heavy fermions F are chiral under U(1)X
but vectorlike under the hypercharge U(1)Y . The La-
grangian (15) is invariant under both abelian symmetry
if one imposes for instance QY (FR) = QY (FL) = +1,
QX(FR) = �QX(FL) = +1 and QX(�) = �2.
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III. A MICROSCOPIC APPROACH

We have just seen that a simple global U(1) extension
of the Standard Model with a breaking scale above the
reheating temperature can accounts for the right amount
of dark matter through a freeze in mechanism. However,
the �Bµ⌫B

µ⌫ term of the Lagrangian L0 Eq.(1) is an
e↵ective term which should have been generated at mi-
croscopic level by loops of fermions. This is what we
propose to analyze in the next section.

A. The model

We can suppose that the fermions couples to the scalar
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sF̄F � MF F̄F (12)

with MF = y
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� ⌧ 1 which implies MF � ms.

We can then compute the e↵ective scale ⇤ corresponding
to the fermionic couplings [19] noticing that in the dy-
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The fact that the sBµ⌫B
µ⌫ is generated by loops of

fermions whose mass are dynamical renders the scale ⇤
completely determined by the fundamental parameters
of the theory, and we obtain ⇤ ' v� as we would have
expected. We show in Fig.(5) the regio,n of the param-
eter space respecting the cosmological constraint for one
fermion of hypercharge 1. add some comments about the
plot here.

B. A complete UV model

The �Bµ⌫B
µ⌫ term of the Lagrangian L0 Eq.(1) is obvi-

ously not U(1) invariant, neither the one generating the
couplings through fermions loops in Eq.(12). However,
it is possible to embed all of them in a U(1) invariant
model writting

L = �yF�F̄LFR + µ2
�|�|2 � �|�|4 +

✏2�
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�2 + h.c. (15)

where the heavy fermions F are chiral under U(1)X
but vectorlike under the hypercharge U(1)Y . The La-
grangian (15) is invariant under both abelian symmetry
if one imposes for instance QY (FR) = QY (FL) = +1,
QX(FR) = �QX(FL) = +1 and QX(�) = �2.
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blabla lifetime

At the supersymmetri

c level, the well tempered neutralino, which was the
most robust supersymmetric candidates during the last
years in now ruled out by the last LUX results of LUX [6].
Wino–like neutralino is also severely constraints by the
latest indirect detection searches released by the FERMI
collaboration [3]. A nice review of the status of dark
mater SUSY searches in di↵erent supersymmetric sce-
nario with neutralino dark matter can be found in [15].
In any case, the recent prospects exposed by the LUX [12]
and FERMI [13] collaboration showed that the WIMP
paradigm should be excluded (or discovered), for dark
matter masse below 10 TeV in the new generation of de-
tectors.

V. CONCLUSION

We have seen that a minimal extension of the Standard
Model, where a global U(1) symmetry is broken at a scale
above the reheating temperature is still able to produce
a su�cient amount of relic abundance despite its weak
coupling to the thermal bath, through the freeze in mech-
anism. Interestingly, the the parameter space allowed by
the cosmological constraints lie in a region of GeV dark
matter mass, intermediate (⇠ 1010 GeV) scalar mass and
GUT U(1) breaking scale, which are three fundamental
scales of the possible presence of BSM physics.
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APPENDIX

A. Computing the production rate R

1. General case

We provide in this appendix the detail of the compu-
tation of the annihilation rate n2

eqh�vi relic density.

/————————————————————————

In a general way, the evolution of the number density
of a species (1 ) interacting with other species (2,3,4 ) via
1 ! 3 + 4 and/or 1 + 2 ! 3 + 4 processes is given by6

ṅi + 3H(t)ni = C1!2 + C2!2 (18)

6 Yann, I will put it in terms of the thermal average times the rate
later. But in my notation, C / n
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We have just seen that a simple global U(1) extension
of the Standard Model with a breaking scale above the
reheating temperature can accounts for the right amount
of dark matter through a freeze in mechanism. However,
the �Bµ⌫B

µ⌫ term of the Lagrangian L0 Eq.(1) is an
e↵ective term which should have been generated at mi-
croscopic level by loops of fermions. This is what we
propose to analyze in the next section.
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with MF = y
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. In the case of interests for us,

� ⌧ 1 which implies MF � ms.

We can then compute the e↵ective scale ⇤ corresponding
to the fermionic couplings [19] noticing that in the dy-
namical version, the masses of the fermions are tied with
the breaking scale, we obtained
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The fact that the sBµ⌫B
µ⌫ is generated by loops of

fermions whose mass are dynamical renders the scale ⇤
completely determined by the fundamental parameters
of the theory, and we obtain ⇤ ' v� as we would have
expected. We show in Fig.(5) the regio,n of the param-
eter space respecting the cosmological constraint for one
fermion of hypercharge 1. add some comments about the
plot here.

B. A complete UV model

The �Bµ⌫B
µ⌫ term of the Lagrangian L0 Eq.(1) is obvi-

ously not U(1) invariant, neither the one generating the
couplings through fermions loops in Eq.(12). However,
it is possible to embed all of them in a U(1) invariant
model writting

L = �yF�F̄LFR + µ2
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✏2�
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�2 + h.c. (15)

where the heavy fermions F are chiral under U(1)X
but vectorlike under the hypercharge U(1)Y . The La-
grangian (15) is invariant under both abelian symmetry
if one imposes for instance QY (FR) = QY (FL) = +1,
QX(FR) = �QX(FL) = +1 and QX(�) = �2.
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At the supersymmetri

c level, the well tempered neutralino, which was the
most robust supersymmetric candidates during the last
years in now ruled out by the last LUX results of LUX [6].
Wino–like neutralino is also severely constraints by the
latest indirect detection searches released by the FERMI
collaboration [3]. A nice review of the status of dark
mater SUSY searches in di↵erent supersymmetric sce-
nario with neutralino dark matter can be found in [15].
In any case, the recent prospects exposed by the LUX [12]
and FERMI [13] collaboration showed that the WIMP
paradigm should be excluded (or discovered), for dark
matter masse below 10 TeV in the new generation of de-
tectors.

V. CONCLUSION

We have seen that a minimal extension of the Standard
Model, where a global U(1) symmetry is broken at a scale
above the reheating temperature is still able to produce
a su�cient amount of relic abundance despite its weak
coupling to the thermal bath, through the freeze in mech-
anism. Interestingly, the the parameter space allowed by
the cosmological constraints lie in a region of GeV dark
matter mass, intermediate (⇠ 1010 GeV) scalar mass and
GUT U(1) breaking scale, which are three fundamental
scales of the possible presence of BSM physics.
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A. Computing the production rate R

1. General case

We provide in this appendix the detail of the compu-
tation of the annihilation rate n2

eqh�vi relic density.

/————————————————————————

In a general way, the evolution of the number density
of a species (1 ) interacting with other species (2,3,4 ) via
1 ! 3 + 4 and/or 1 + 2 ! 3 + 4 processes is given by6

ṅi + 3H(t)ni = C1!2 + C2!2 (18)

6 Yann, I will put it in terms of the thermal average times the rate
later. But in my notation, C / n
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to the fermionic couplings [19] noticing that in the dy-
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The fact that the sBµ⌫B
µ⌫ is generated by loops of

fermions whose mass are dynamical renders the scale ⇤
completely determined by the fundamental parameters
of the theory, and we obtain ⇤ ' v� as we would have
expected. We show in Fig.(5) the regio,n of the param-
eter space respecting the cosmological constraint for one
fermion of hypercharge 1. add some comments about the
plot here.

B. A complete UV model

The �Bµ⌫B
µ⌫ term of the Lagrangian L0 Eq.(1) is obvi-

ously not U(1) invariant, neither the one generating the
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it is possible to embed all of them in a U(1) invariant
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where the heavy fermions F are chiral under U(1)X
but vectorlike under the hypercharge U(1)Y . The La-
grangian (15) is invariant under both abelian symmetry
if one imposes for instance QY (FR) = QY (FL) = +1,
QX(FR) = �QX(FL) = +1 and QX(�) = �2.

tell about the running of ↵1

4

−3
10

−1
10

1

10

−2
10

9
10

11
10

10
10

8
10

6
10

7
10

ms (GeV)

ma (GeV) −4
=10λ

α=10
7

α=10

α=10
5

8

6

=10α

FIG. 3: Region in the parameter space (ms,ma) respecting
⌦h

2 = 0.1 for � = 10�4 and di↵erent values of ↵ = ⇤/ms.

it in the plane ms, ma

III. A MICROSCOPIC APPROACH

We have just seen that a simple global U(1) extension
of the Standard Model with a breaking scale above the
reheating temperature can accounts for the right amount
of dark matter through a freeze in mechanism. However,
the �Bµ⌫B

µ⌫ term of the Lagrangian L0 Eq.(1) is an
e↵ective term which should have been generated at mi-
croscopic level by loops of fermions. This is what we
propose to analyze in the next section.

A. The model

We can suppose that the fermions couples to the scalar
field s following

L = L0 �
yFp

2
sF̄F � MF F̄F (12)

with MF = y
Fp
2
v� = m

S

2
p
�
. In the case of interests for us,

� ⌧ 1 which implies MF � ms.

We can then compute the e↵ective scale ⇤ corresponding
to the fermionic couplings [19] noticing that in the dy-
namical version, the masses of the fermions are tied with
the breaking scale, we obtained

s

B
µ

B
�

Z �

Z

�

�

�

�

�

�

�

�

a

a

s

B
µ

B
µ

a

a

s

2

FIG. 4: Feynman diagram generated by the fermions coupling
from Eq.(12)

⇤ =
8⇡msp

� ↵1 Tr[Q2
f ]

f1/2(⌧) (13)

with ↵1 = g21/4⇡, ⌧ = m2
s/4M2

F and

f1/2(⌧) = 2
⌧ + (⌧ � 1) arcsin2(

p
⌧)

⌧2
(14)

Maira, check this result. I think should be a color
factor of 3 in front of the trace, but I let you check it
before putting it.

The fact that the sBµ⌫B
µ⌫ is generated by loops of

fermions whose mass are dynamical renders the scale ⇤
completely determined by the fundamental parameters
of the theory, and we obtain ⇤ ' v� as we would have
expected. We show in Fig.(5) the regio,n of the param-
eter space respecting the cosmological constraint for one
fermion of hypercharge 1. add some comments about the
plot here.

B. A complete UV model

The �Bµ⌫B
µ⌫ term of the Lagrangian L0 Eq.(1) is obvi-

ously not U(1) invariant, neither the one generating the
couplings through fermions loops in Eq.(12). However,
it is possible to embed all of them in a U(1) invariant
model writting

L = �yF�F̄LFR + µ2
�|�|2 � �|�|4 +

✏2�
2

�2 + h.c. (15)

where the heavy fermions F are chiral under U(1)X
but vectorlike under the hypercharge U(1)Y . The La-
grangian (15) is invariant under both abelian symmetry
if one imposes for instance QY (FR) = QY (FL) = +1,
QX(FR) = �QX(FL) = +1 and QX(�) = �2.

tell about the running of ↵1

A microscopic model

Conclusion: a breaking scale above the 
reheating temperature allowed for natural 

cosmological parameter space



Supergravity scenario

4

Then the 2 ! 2 scatterings for the goldstino production
is dominated by the following operators3

i

2F 2
(G�µ@⌫Ḡ� @⌫G�µḠ)(@µH@⌫H

† + @µH@⌫H
†),

1

8F 2
(G�µ@⌫Ḡ� @⌫G�µḠ)⇥

( ̄�̄⌫@µ +  ̄�̄µ@⌫ � @µ �̄⌫ � @⌫ �̄µ ),
X

a

i

2F 2
(G�⇠@µḠ� @µG�

⇠Ḡ)Fµ⌫aF a
⌫⇠, (10)

where h,  and F a
⌫⇠ stand for a complex scalar (Higgs

doublet), gauge bosons and two-component fermions
(quarks and leptons), respectively. The expression of
these interactions in four-components Dirac spinors and
�-matrices notation is provided in the appendix. An-
other way to describe the two goldstinos interactions to
matter is to replace the superpartner soft mass terms
by couplings between the goldstino superfield and the
matter superfield multiplets. One can integrate out the
heavy (superpartner) components and to eliminate them
as a function of the light degrees of freedom : the SM
fields and goldstino. This leads to an e↵ective low-energy
theory where the incomplete multiplets are described in
terms of constrained superfields [27, 29]. The kinetic
terms of the sparticles will then lead to dimension-eight
operators containing two goldstinos and two SM fields
that generically di↵er from the ones computed from the
low-energy theorem couplings [26]. For the gauge and the
SM fermion sectors, the resulting cross sections only dif-
fer in the angular distribution and numerical constants,
whereas the energy dependence is the same as for the
low-energy theorem couplings.

Since the masses of the superpartners are of order
MSUSY <

p
F , one can worry about e↵ective oper-

ators generated after decoupling heavy superpartners,
with larger coe�cients. In particular, there can be
dimension-eight operators proportional to 1/M4

SUSY and
1/M2

SUSY F , that would be dominant over the universal
couplings we use in our paper. This issue was investi-
gated in the first reference in [29], where it was shown
that starting from MSSM only dimension-eight R-parity
violating couplings of this type are generated. Their ef-
fect on the gravitino production was investigated more
recently in [24].

3 See the appendix for the expression of these operators in 4-
component Dirac spinors and �-matrices notation.

B. Computation of the gravitino relic density

1. The framework

Contrarily to the weakly interacting neutralino, the grav-
itino falls in the category of feebly interacting dark mat-
ter. Its interactions at high energies are goverened by
the helicity-1/2 component whose couplings are natu-
rally suppressed by the supersymmetry breaking scale.
In gravity mediated supersymmetry breaking the grav-
itino is often heavier than the supersymmetric spectrum
that it generates. As a consequence, if the gravitino is not
su�ciently heavy (ie below 30 TeV) it is a long-lived par-
ticle which usually decay around the BBN epoch. This
gives rise to the famous ”gravitino problem” [31, 32]. In
that case, in order to minimize the observable e↵ects,
the gravitino density has to be small enough at the cost
of an upper bound on the reheating temperature of the
Universe (see eg [33]). On the other hand, if gravitino is
the LSP, it can be a very good dark matter candidate, ei-
ther as stable or metastable particle, with lifetime much
longer than the age of the Universe. The gravitino was
in fact the first supersymmetric dark matter candidate
ever proposed by Pagels and Primack [34]. Then sev-
eral groups generalised and refined the thermal analysis
and computed the relic abundance of gravitino [35, 36],
assuming that the goldstino component dominates the
production, i.e. the gravitino is su�ciently lighter than
the other superpartners. The relic abundance of graviti-
nos is then given by

⌦3/2h
2 ⇠ 0.3

✓
1 GeV

m3/2

◆✓
TRH

1010 GeV

◆X

i

ci

✓
Mi

100 GeV

◆2

,

(11)
where ci are coe�cient of order one, and Mi are the three
gaugino masses. We clearly see from Eq.(11) that the
density is settled by the reheating temperature. Lower
limits onM3 obtained by the non-observation of gluino at
LHC set (for a given gravitino mass) an upper limit on re-
heating temperature to avoid overclosure of the Universe.
These constraints are usually in tension with baryogene-
sis mechanisms [22].

On the other hand, all the scenario discussed above
made the hypothesis of thermal production of gravitino,
through supersymmetric partners in thermal equilibrium
with the primordial plasma. However, if for some reasons
the supersymmetric breaking scale is above the reheating
temperature, the SM superpartners will be too heavy to
reach the thermal equilibrium. A way to produce then
the gravitino as a dark matter candidate is through a
freeze-in mechanism. In this scenario, the gravitinos are
produced at a rate smaller than the one corresponding
to the expansion of the Universe, therefore they do not
have time to reach the thermal equilibrium. It ”freezes
in” in the process to reach it as the strong suppression of
the scattering cross sections by the scale F 2 in Eq.(10)
prevents the gravitinos to be in thermal equilibrium with

The gravitino dark matter in natural scenario where the SUSY scale is 
below the reheating temperature is given by [Buchmuller] :
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density is settled by the reheating temperature. Lower
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heating temperature to avoid overclosure of the Universe.
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sis mechanisms [22].

On the other hand, all the scenario discussed above
made the hypothesis of thermal production of gravitino,
through supersymmetric partners in thermal equilibrium
with the primordial plasma. However, if for some reasons
the supersymmetric breaking scale is above the reheating
temperature, the SM superpartners will be too heavy to
reach the thermal equilibrium. A way to produce then
the gravitino as a dark matter candidate is through a
freeze-in mechanism. In this scenario, the gravitinos are
produced at a rate smaller than the one corresponding
to the expansion of the Universe, therefore they do not
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the scattering cross sections by the scale F 2 in Eq.(10)
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Let suppose that the supersymmetry breaking scale and the spectrum is 
much above the reheating temperature 
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the reheat temperature. This scenario has a constraint
from Big Bang nucleosynthesis (BBN) since the late de-
cay of NLSP influences the nucleosynthesis mechanisms
strongly constrained by the observed abundance of D and
4He in the Universe [16]. The IR dominated productions
usually correspond to renormalizable operators or 2 ! 1
processes [2]. These are most e�cient when the temper-
ature is near the FIMP mass. Thus the yields are not
dependent on the reheat temperature. On the contrast,
non-renormalizable operators usually lead to UV domi-
nated production and the final results are highly depen-
dent on the reheat temperature.

Gravitino is an universal prediction of local supersym-
metry models. Its role in cosmology depends on its abun-
dance and its lifetime. Even if in some non-minimal sce-
nario it can be non-thermally produced at the end of
inflation during preheating due to fine-tuned coupling to
the inflaton, the amount expected is model dependent
and can be small [17]. We will however not consider this
possibility in this work and will be instead be focus on
the case of thermal scenario production. The gravitinos
are produced by scattering of Standard Model states in
the thermal plasma after reheating or through the decay
of the NLSP. Within the assumption that the reheat-
ing temperature is lower than the mass of all the su-
persymmetric particles, we are left with only the former
possibility. However, the standard scenario of gravitino
dark matter su↵ers from di↵erent cosmological di�cul-
ties which are referred to collectively as the cosmologi-
cal gravitino problems ”: the late decaying superpartners
can strongly a↵ect the Big Bang Nucleosynthesis, and the
relic gravitinos produced should overclose the Universe
for m3/2 & 1 keV, making it di�cult to be a warm dark
matter candidate if one takes in consideration structure
formations or Lyman ↵ constraints. We shall see that
in our case, where the production of gravitino is through
UV dominated freeze in, these two old problems do not
appear anymore.

The standard ways to produce gravitinos use low-
energy Supersymmetry. Instead, in this study, we con-
sider the case of high scale Supersymmetry in which case
the masses of all superpartners are above the reheating
temperature. Thus, the particle spectrum below the re-
heating temperature includes only the SM particles and
the gravitino and the latter is the unique viable dark
matter candidate. It is produced non-thermally through
the freeze-in and the relevant e↵ective interactions are
highly dependent on the reheating temperature. As a
consequence, our analysis shows how each given grav-
itino mass reproducing the value of the dark matter relic
abundance leads to a prediction of the reheating temper-
ature TRH .

II. SUPERSYMMETRY BREAKING AND THE
REHEAT TEMPERATURE

We start by discussing the di↵erent scales relevant to
the dark matter relic abundance computation to be pre-
sented in the next section.

1. The supersymmetry breaking parameters:

We denote by F the order parameter for supersym-
metry breaking, a generic combination of auxiliary
F or D terms vacuum expectation values . It corre-
sponds to a spontaneous breaking, thereof it implies
the existence of a Goldstone fermion, the goldstino
G. The super-Higgs mechanism at work leads to a
mass for the gravitino which value at present time
reads [18]:

m3/2 =
Fp
3MPl

, (1)

in which MPl is the reduced Planck mass. The
breaking is mediated to the visible sector through
messengers lying at a scale ⇤mess . This leads to
soft-terms of order of MSUSY :

MSUSY =
F

⇤mess
(2)

We shall assume for simplicity that all the masses
of sparticles, squarks, sleptons, gauginos and hig-
gsinos as well as all the new scalars in the extended
Higgs sector are at least of the order the scale of su-
persymmetry breakingMSUSY . These particles are
thus decoupled from processes at all the energies
under consideration. Below MSUSY , the particle
content is the Standard Model (SM) (with possibly
right-handed neutrinos) and the goldstino. How
realistic is this assumption in explicit supersymme-
try breaking models is a model-dependent question.
In O’Rafeartaigh models of supersymmetry break-
ing, the partner of the goldstino, the sgoldstino G̃,
is usually massless at tree-level. Quantum correc-
tions are however expected to fix its mass to be
one-loop suppressed with respect to the supersym-

metry breaking scale m2
G̃
⇠ g2

16⇡2F , that has to be
above the reheating temperature for our model to
be self-consistent. In string e↵ective supergravities
it is also often the case for the sgoldstino to be light,
with mass of the order the gravitino mass [19]. This
is also however a model-dependent statement; this
can be avoided in models with a large Riemann cur-
vature in the Kahler space [20]. On the other hand,
asking for m3/2 ⌧ MSUSY implies

⇤mess ⌧ MPl (3)

and in the energy range under consideration the
Renormalisation Group Equations (RGEs) are
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(G�µ@⌫Ḡ� @⌫G�µḠ)⇥
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⇠Ḡ)Fµ⌫aF a
⌫⇠, (10)

where h,  and F a
⌫⇠ stand for a complex scalar (Higgs

doublet), gauge bosons and two-component fermions
(quarks and leptons), respectively. The expression of
these interactions in four-components Dirac spinors and
�-matrices notation is provided in the appendix. An-
other way to describe the two goldstinos interactions to
matter is to replace the superpartner soft mass terms
by couplings between the goldstino superfield and the
matter superfield multiplets. One can integrate out the
heavy (superpartner) components and to eliminate them
as a function of the light degrees of freedom : the SM
fields and goldstino. This leads to an e↵ective low-energy
theory where the incomplete multiplets are described in
terms of constrained superfields [27, 29]. The kinetic
terms of the sparticles will then lead to dimension-eight
operators containing two goldstinos and two SM fields
that generically di↵er from the ones computed from the
low-energy theorem couplings [26]. For the gauge and the
SM fermion sectors, the resulting cross sections only dif-
fer in the angular distribution and numerical constants,
whereas the energy dependence is the same as for the
low-energy theorem couplings.

Since the masses of the superpartners are of order
MSUSY <

p
F , one can worry about e↵ective oper-

ators generated after decoupling heavy superpartners,
with larger coe�cients. In particular, there can be
dimension-eight operators proportional to 1/M4

SUSY and
1/M2

SUSY F , that would be dominant over the universal
couplings we use in our paper. This issue was investi-
gated in the first reference in [29], where it was shown
that starting from MSSM only dimension-eight R-parity
violating couplings of this type are generated. Their ef-
fect on the gravitino production was investigated more
recently in [24].

3 See the appendix for the expression of these operators in 4-
component Dirac spinors and �-matrices notation.

B. Computation of the gravitino relic density

1. The framework

Contrarily to the weakly interacting neutralino, the grav-
itino falls in the category of feebly interacting dark mat-
ter. Its interactions at high energies are goverened by
the helicity-1/2 component whose couplings are natu-
rally suppressed by the supersymmetry breaking scale.
In gravity mediated supersymmetry breaking the grav-
itino is often heavier than the supersymmetric spectrum
that it generates. As a consequence, if the gravitino is not
su�ciently heavy (ie below 30 TeV) it is a long-lived par-
ticle which usually decay around the BBN epoch. This
gives rise to the famous ”gravitino problem” [31, 32]. In
that case, in order to minimize the observable e↵ects,
the gravitino density has to be small enough at the cost
of an upper bound on the reheating temperature of the
Universe (see eg [33]). On the other hand, if gravitino is
the LSP, it can be a very good dark matter candidate, ei-
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where ci are coe�cient of order one, and Mi are the three
gaugino masses. We clearly see from Eq.(11) that the
density is settled by the reheating temperature. Lower
limits onM3 obtained by the non-observation of gluino at
LHC set (for a given gravitino mass) an upper limit on re-
heating temperature to avoid overclosure of the Universe.
These constraints are usually in tension with baryogene-
sis mechanisms [22].

On the other hand, all the scenario discussed above
made the hypothesis of thermal production of gravitino,
through supersymmetric partners in thermal equilibrium
with the primordial plasma. However, if for some reasons
the supersymmetric breaking scale is above the reheating
temperature, the SM superpartners will be too heavy to
reach the thermal equilibrium. A way to produce then
the gravitino as a dark matter candidate is through a
freeze-in mechanism. In this scenario, the gravitinos are
produced at a rate smaller than the one corresponding
to the expansion of the Universe, therefore they do not
have time to reach the thermal equilibrium. It ”freezes
in” in the process to reach it as the strong suppression of
the scattering cross sections by the scale F 2 in Eq.(10)
prevents the gravitinos to be in thermal equilibrium with

The gravitino dark matter in natural scenario where the SUSY scale is 
below the reheating temperature is given by [Buchmuller] :

Let suppose that the supersymmetry breaking scale and the spectrum is 
much above the reheating temperature 
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the reheat temperature. This scenario has a constraint
from Big Bang nucleosynthesis (BBN) since the late de-
cay of NLSP influences the nucleosynthesis mechanisms
strongly constrained by the observed abundance of D and
4He in the Universe [16]. The IR dominated productions
usually correspond to renormalizable operators or 2 ! 1
processes [2]. These are most e�cient when the temper-
ature is near the FIMP mass. Thus the yields are not
dependent on the reheat temperature. On the contrast,
non-renormalizable operators usually lead to UV domi-
nated production and the final results are highly depen-
dent on the reheat temperature.

Gravitino is an universal prediction of local supersym-
metry models. Its role in cosmology depends on its abun-
dance and its lifetime. Even if in some non-minimal sce-
nario it can be non-thermally produced at the end of
inflation during preheating due to fine-tuned coupling to
the inflaton, the amount expected is model dependent
and can be small [17]. We will however not consider this
possibility in this work and will be instead be focus on
the case of thermal scenario production. The gravitinos
are produced by scattering of Standard Model states in
the thermal plasma after reheating or through the decay
of the NLSP. Within the assumption that the reheat-
ing temperature is lower than the mass of all the su-
persymmetric particles, we are left with only the former
possibility. However, the standard scenario of gravitino
dark matter su↵ers from di↵erent cosmological di�cul-
ties which are referred to collectively as the cosmologi-
cal gravitino problems ”: the late decaying superpartners
can strongly a↵ect the Big Bang Nucleosynthesis, and the
relic gravitinos produced should overclose the Universe
for m3/2 & 1 keV, making it di�cult to be a warm dark
matter candidate if one takes in consideration structure
formations or Lyman ↵ constraints. We shall see that
in our case, where the production of gravitino is through
UV dominated freeze in, these two old problems do not
appear anymore.

The standard ways to produce gravitinos use low-
energy Supersymmetry. Instead, in this study, we con-
sider the case of high scale Supersymmetry in which case
the masses of all superpartners are above the reheating
temperature. Thus, the particle spectrum below the re-
heating temperature includes only the SM particles and
the gravitino and the latter is the unique viable dark
matter candidate. It is produced non-thermally through
the freeze-in and the relevant e↵ective interactions are
highly dependent on the reheating temperature. As a
consequence, our analysis shows how each given grav-
itino mass reproducing the value of the dark matter relic
abundance leads to a prediction of the reheating temper-
ature TRH .

II. SUPERSYMMETRY BREAKING AND THE
REHEAT TEMPERATURE

We start by discussing the di↵erent scales relevant to
the dark matter relic abundance computation to be pre-
sented in the next section.

1. The supersymmetry breaking parameters:

We denote by F the order parameter for supersym-
metry breaking, a generic combination of auxiliary
F or D terms vacuum expectation values . It corre-
sponds to a spontaneous breaking, thereof it implies
the existence of a Goldstone fermion, the goldstino
G. The super-Higgs mechanism at work leads to a
mass for the gravitino which value at present time
reads [18]:

m3/2 =
Fp
3MPl

, (1)

in which MPl is the reduced Planck mass. The
breaking is mediated to the visible sector through
messengers lying at a scale ⇤mess . This leads to
soft-terms of order of MSUSY :

MSUSY =
F

⇤mess
(2)

We shall assume for simplicity that all the masses
of sparticles, squarks, sleptons, gauginos and hig-
gsinos as well as all the new scalars in the extended
Higgs sector are at least of the order the scale of su-
persymmetry breakingMSUSY . These particles are
thus decoupled from processes at all the energies
under consideration. Below MSUSY , the particle
content is the Standard Model (SM) (with possibly
right-handed neutrinos) and the goldstino. How
realistic is this assumption in explicit supersymme-
try breaking models is a model-dependent question.
In O’Rafeartaigh models of supersymmetry break-
ing, the partner of the goldstino, the sgoldstino G̃,
is usually massless at tree-level. Quantum correc-
tions are however expected to fix its mass to be
one-loop suppressed with respect to the supersym-

metry breaking scale m2
G̃
⇠ g2

16⇡2F , that has to be
above the reheating temperature for our model to
be self-consistent. In string e↵ective supergravities
it is also often the case for the sgoldstino to be light,
with mass of the order the gravitino mass [19]. This
is also however a model-dependent statement; this
can be avoided in models with a large Riemann cur-
vature in the Kahler space [20]. On the other hand,
asking for m3/2 ⌧ MSUSY implies

⇤mess ⌧ MPl (3)

and in the energy range under consideration the
Renormalisation Group Equations (RGEs) are
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those of the SM. In particular for a Higgs boson
of 126 GeV, it leads to a vanishing of the quartic
coupling at scales of order 2⇥1010 GeV to 3⇥1011

GeV depending on the assumption on the degener-
acy of super particles soft masses, the exact value
of the top mass and the strong interaction gauge
coupling (see for instance [21]), so we take:

MSUSY . {1010 � 1011}GeV (4)

Allowed supersymmetry breaking scales beyond
this value can be achieved by a modification of the
RGEs through introduction of new light particles.
We shall not discuss these cases in details here, the
generalisation being straightforward.

2. The cosmological parameter:

The cosmological history described here starts af-
ter the Universe is reheated. Some assumptions
are made for this epoch: (i) The reheating temper-
ature TRH is small enough to not produce super-
partners of the Standard Model particles, thereof
TRH . MSUSY (ii) in the reheating process gold-
stinos are scarcely produced. This second condi-
tion is a constraint of the nature of the inflaton,
its scalar potential and the branching ratios in its
decay. A discussion of the production of goldstinos
at the end of inflation can be found for example in
[17] .

We consider that the dark matter gravitino inter-
actions are well approximated by the helicity ±1/2
components. This is true in virtue of the equiva-
lence theorem if the energy E of the gravitinos is
much bigger than their mass. Approximating the
former by the temperature T of the SM particles
in equilibrium leads to the mass hierarchies that
defines the self-consistency of our setup:

m3/2 ⌧ TRH . MSUSY .
p
F . ⇤mess ⌧ MPl

(5)

Note that our bound on the reheating temperature
is compatible with thermal leptogenesis. In fact,
a lower bound of the reheating temperature is ob-
tained when the latter is identified with the mass of
the lightest right handed neutrino. It is at most of
order 109 GeV but can be lower depending on as-
sumptions on the neutrinos initial abundance and
mass hierarchies (see for example [22]).

III. GOLDSTINO DARK MATTER

A. E↵ective goldstino interactions

Under the assumption m3/2 ⌧ E ⇠ T discussed
above, the gravitino interactions with SM fields are dom-
inated by the helicity ±1/2 components. Moreover, for

E ⇠ T . TRH . MSUSY , these are described by a non-
linear realization of supersymmetry in all the obervable
SM sector, since we will consider all superpartners to be
heavy and therefore not accessible in the thermal bath
after reheating1. The leading order goldstino-matter in-
teractions can be divided into two types of contributions:
universal [25] and non-universal ones [26, 27, 30]. We will
restrict our analysis to the former, s that corresponds to
the minimal couplings expected from the low energy the-
orem2. Their construction starts by defining a ”vierbein”
[28]

eam = �am � i

2F 2
@mG�aḠ+

i

2F 2
G�a@mḠ , (6)

that under a supersymmetry transformation of parame-
ter ✏ transform as a di↵eomorphism in general relativity

�eam = @m⇠
nean + ⇠n@ne

a
m , (7)

where ⇠n = i
F ena(✏�

aḠ�G�a✏̄). The couplings to matter
in this original geometrical prescription follows therefore
the standard coupling to matter of a metric tensor built
out from the vierbein gmn = ⌘abeamebn. The correspond-
ing goldstino-matter e↵ective operators are consequently
of dimension eight and take the form:

L2G =
i

2F 2
(G�µ@⌫Ḡ� @⌫G�µḠ)Tµ⌫ , (8)

where G is the goldstino field and Tµ⌫ is the energy mo-
mentum tensor of the SM matter fields. The energy mo-
mentum tensor is given by:

Tµ⌫ = � 2p
�g

�S̃

�gµ⌫
|g

µ⌫

=⌘
µ⌫

= +⌘µ⌫L̃
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X
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iDµ ̄a�̄⌫ a �DµHD⌫H
† +

X

SMgroup

1

2
F a⇠
µ F a

⌫⇠

+(µ $ ⌫) (9)

in which S̃ =
R
d4x

p
�gL̃. The scalar potential and mass

terms for scalar and fermions appear in the first term.
After the contraction between ⌘µ⌫ and G�µ@⌫Ḡ, the on-
shell production of two goldstinos give a cross section
proportional tom2

3/2. Asm3/2 is much smaller than TRH ,
these contributions can be neglected, as we will see later.

1 Reheating temperature below superpartner masses was proposed
and investigated in particular in [23] and [24]. The novelty in our
case is that we consider high-scale supersymmetry, so our reheat-
ing temperature is much higher compared to these references.

2 As we will see, our result will not depend drastically on this
hypothesis

The hypothesis translates into
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the reheat temperature. This scenario has a constraint
from Big Bang nucleosynthesis (BBN) since the late de-
cay of NLSP influences the nucleosynthesis mechanisms
strongly constrained by the observed abundance of D and
4He in the Universe [16]. The IR dominated productions
usually correspond to renormalizable operators or 2 ! 1
processes [2]. These are most e�cient when the temper-
ature is near the FIMP mass. Thus the yields are not
dependent on the reheat temperature. On the contrast,
non-renormalizable operators usually lead to UV domi-
nated production and the final results are highly depen-
dent on the reheat temperature.

Gravitino is an universal prediction of local supersym-
metry models. Its role in cosmology depends on its abun-
dance and its lifetime. Even if in some non-minimal sce-
nario it can be non-thermally produced at the end of
inflation during preheating due to fine-tuned coupling to
the inflaton, the amount expected is model dependent
and can be small [17]. We will however not consider this
possibility in this work and will be instead be focus on
the case of thermal scenario production. The gravitinos
are produced by scattering of Standard Model states in
the thermal plasma after reheating or through the decay
of the NLSP. Within the assumption that the reheat-
ing temperature is lower than the mass of all the su-
persymmetric particles, we are left with only the former
possibility. However, the standard scenario of gravitino
dark matter su↵ers from di↵erent cosmological di�cul-
ties which are referred to collectively as the cosmologi-
cal gravitino problems ”: the late decaying superpartners
can strongly a↵ect the Big Bang Nucleosynthesis, and the
relic gravitinos produced should overclose the Universe
for m3/2 & 1 keV, making it di�cult to be a warm dark
matter candidate if one takes in consideration structure
formations or Lyman ↵ constraints. We shall see that
in our case, where the production of gravitino is through
UV dominated freeze in, these two old problems do not
appear anymore.

The standard ways to produce gravitinos use low-
energy Supersymmetry. Instead, in this study, we con-
sider the case of high scale Supersymmetry in which case
the masses of all superpartners are above the reheating
temperature. Thus, the particle spectrum below the re-
heating temperature includes only the SM particles and
the gravitino and the latter is the unique viable dark
matter candidate. It is produced non-thermally through
the freeze-in and the relevant e↵ective interactions are
highly dependent on the reheating temperature. As a
consequence, our analysis shows how each given grav-
itino mass reproducing the value of the dark matter relic
abundance leads to a prediction of the reheating temper-
ature TRH .

II. SUPERSYMMETRY BREAKING AND THE
REHEAT TEMPERATURE

We start by discussing the di↵erent scales relevant to
the dark matter relic abundance computation to be pre-
sented in the next section.

1. The supersymmetry breaking parameters:

We denote by F the order parameter for supersym-
metry breaking, a generic combination of auxiliary
F or D terms vacuum expectation values . It corre-
sponds to a spontaneous breaking, thereof it implies
the existence of a Goldstone fermion, the goldstino
G. The super-Higgs mechanism at work leads to a
mass for the gravitino which value at present time
reads [18]:

m3/2 =
Fp
3MPl

, (1)

in which MPl is the reduced Planck mass. The
breaking is mediated to the visible sector through
messengers lying at a scale ⇤mess . This leads to
soft-terms of order of MSUSY :

MSUSY =
F

⇤mess
(2)

We shall assume for simplicity that all the masses
of sparticles, squarks, sleptons, gauginos and hig-
gsinos as well as all the new scalars in the extended
Higgs sector are at least of the order the scale of su-
persymmetry breakingMSUSY . These particles are
thus decoupled from processes at all the energies
under consideration. Below MSUSY , the particle
content is the Standard Model (SM) (with possibly
right-handed neutrinos) and the goldstino. How
realistic is this assumption in explicit supersymme-
try breaking models is a model-dependent question.
In O’Rafeartaigh models of supersymmetry break-
ing, the partner of the goldstino, the sgoldstino G̃,
is usually massless at tree-level. Quantum correc-
tions are however expected to fix its mass to be
one-loop suppressed with respect to the supersym-

metry breaking scale m2
G̃
⇠ g2

16⇡2F , that has to be
above the reheating temperature for our model to
be self-consistent. In string e↵ective supergravities
it is also often the case for the sgoldstino to be light,
with mass of the order the gravitino mass [19]. This
is also however a model-dependent statement; this
can be avoided in models with a large Riemann cur-
vature in the Kahler space [20]. On the other hand,
asking for m3/2 ⌧ MSUSY implies

⇤mess ⌧ MPl (3)

and in the energy range under consideration the
Renormalisation Group Equations (RGEs) are
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those of the SM. In particular for a Higgs boson
of 126 GeV, it leads to a vanishing of the quartic
coupling at scales of order 2⇥1010 GeV to 3⇥1011

GeV depending on the assumption on the degener-
acy of super particles soft masses, the exact value
of the top mass and the strong interaction gauge
coupling (see for instance [21]), so we take:

MSUSY . {1010 � 1011}GeV (4)

Allowed supersymmetry breaking scales beyond
this value can be achieved by a modification of the
RGEs through introduction of new light particles.
We shall not discuss these cases in details here, the
generalisation being straightforward.

2. The cosmological parameter:

The cosmological history described here starts af-
ter the Universe is reheated. Some assumptions
are made for this epoch: (i) The reheating temper-
ature TRH is small enough to not produce super-
partners of the Standard Model particles, thereof
TRH . MSUSY (ii) in the reheating process gold-
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components. This is true in virtue of the equiva-
lence theorem if the energy E of the gravitinos is
much bigger than their mass. Approximating the
former by the temperature T of the SM particles
in equilibrium leads to the mass hierarchies that
defines the self-consistency of our setup:

m3/2 ⌧ TRH . MSUSY .
p
F . ⇤mess ⌧ MPl

(5)

Note that our bound on the reheating temperature
is compatible with thermal leptogenesis. In fact,
a lower bound of the reheating temperature is ob-
tained when the latter is identified with the mass of
the lightest right handed neutrino. It is at most of
order 109 GeV but can be lower depending on as-
sumptions on the neutrinos initial abundance and
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restrict our analysis to the former, s that corresponds to
the minimal couplings expected from the low energy the-
orem2. Their construction starts by defining a ”vierbein”
[28]

eam = �am � i

2F 2
@mG�aḠ+

i

2F 2
G�a@mḠ , (6)

that under a supersymmetry transformation of parame-
ter ✏ transform as a di↵eomorphism in general relativity

�eam = @m⇠
nean + ⇠n@ne

a
m , (7)

where ⇠n = i
F ena(✏�

aḠ�G�a✏̄). The couplings to matter
in this original geometrical prescription follows therefore
the standard coupling to matter of a metric tensor built
out from the vierbein gmn = ⌘abeamebn. The correspond-
ing goldstino-matter e↵ective operators are consequently
of dimension eight and take the form:

L2G =
i

2F 2
(G�µ@⌫Ḡ� @⌫G�µḠ)Tµ⌫ , (8)

where G is the goldstino field and Tµ⌫ is the energy mo-
mentum tensor of the SM matter fields. The energy mo-
mentum tensor is given by:

Tµ⌫ = � 2p
�g

�S̃

�gµ⌫
|g

µ⌫

=⌘
µ⌫

= +⌘µ⌫L̃

�
X

a

iDµ ̄a�̄⌫ a �DµHD⌫H
† +

X

SMgroup

1

2
F a⇠
µ F a

⌫⇠

+(µ $ ⌫) (9)

in which S̃ =
R
d4x

p
�gL̃. The scalar potential and mass

terms for scalar and fermions appear in the first term.
After the contraction between ⌘µ⌫ and G�µ@⌫Ḡ, the on-
shell production of two goldstinos give a cross section
proportional tom2

3/2. Asm3/2 is much smaller than TRH ,
these contributions can be neglected, as we will see later.

1 Reheating temperature below superpartner masses was proposed
and investigated in particular in [23] and [24]. The novelty in our
case is that we consider high-scale supersymmetry, so our reheat-
ing temperature is much higher compared to these references.

2 As we will see, our result will not depend drastically on this
hypothesis

Once <F> and/or <D> acquire a vev, SUSY is broken and generates 
gravitino mass. The breaking is then mediated to the SUSY sectors 

by messengers  to generate the SUSY spectrum

The low energy spectrum is then only the SM plus the gravitino



XENON + LUX results

Figure 3: New result on spin-independent WIMP-nucleon scattering from XENON100.

Figure 4: XENON100 90% CL upper limits on the WIMP spin-dependent cross section on neutrons (left) and
protons (right).

WIMP field to the quark axial current and will couple to the total angular momentum of a nu-
cleus and only from nuclei with an odd number of protons or/and neutrons: in XENON100, the
isotopic abundances of 129Xe (spin-1/2) and 131Xe (spin-3/2) are 26.2% and 21.8%, respectively.
The spin dependent di�erential WIMP-nucleus cross section is a proportional of the axial-vector
structure function SA(q),6 which we took from the large-scale shell-model calculations by Menen-
dez et al.,7 that uses state-of-the-art valence shell interactions and less severe truncations of the
valence space. For the first time chiral e�ective field theory (EFT) currents to determine the
couplings of WIMPs to nucleons is also included in the calculation.8 This yield a far superior
agreement between calculated and measured spectra of the Xe nuclei, both in energy and in the
ordering of the nuclear levels, compared to older results.9,10

Constraints on the spin-dependent WIMP-nucleon cross sections are calculated using the Profile
Likelihood approach described and the same analysis selection of the spin-independent analysis.5

XENON100 was able to exclude WIMP-neutron cross section down to 3.5�10�40 cm2 at a WIMP
mass of 45 GeV/c2 and set the most stringent limits to date on spin-dependent WIMP-neutron
couplings for WIMP masses above 6 GeV/c2, see Fig.4.11

XENON100 (07/12)

XENON100 -> XENON 1 ton  
 (November 11th 2015)

LUX (1310.8214) -> LUZ (2016)
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FIG. 1: Left: Folded count rate for MOS1 (lower curve, red) and MOS2 (upper curve, blue) and residuals (bottom) when the line at 3.54 keV
is not added. Right: Zoom at the range 3.0–4.0 keV.

However, significance of this results is not sufficient to con-
firm the hypothesis, they can be considered only as a success-
ful sanity checks. More results are clearly needed to preform
a convincing checking program described above.

A classical target for DM searches is the centre of our Galaxy.
Its proximity allows to concentrate on the very central part
and therefore, even for decaying DM, one can expect a sig-
nificant gain in the signal if the DM distribution in the Milky
Way happens to be steeper than a cored profile. The Galactic
Center (GC) region has been extensively studied by the XMM
and several mega-seconds of raw exposure exist. On the other
hand, the GC region has strong X-ray emission, many com-
plicated processes occur there [91–99]. In particular, the X-
ray emitting gasmay contain several thermal componentswith
different temperatures; it may be more difficult to constraint
reliably abundances of potassium and argon that in the case
of intercluster medium. Therefore the GC data alone would
hardly provide convincing detection of the DM signal, as even
a relatively strong candidate line could be explained by astro-
physical processes. In this paper we pose a different question:
Are the observations of the Galactic Center consistent with
the dark matter interpretation of 3.53 keV line of [1, 2]?

The DM interpretation of the 3.53 keV line in M31 and the
Perseus cluster puts a lower limit on the flux from the GC. On
the other hand, a non-detection of any signal in the off-center
observations of the Milky Way halo (the blank sky dataset
of [1]) provides an upper limit on the possible flux in the
GC, given observational constraints on the DM distribution in
the Galaxy. Therefore, even with all the uncertainties on the
DM content of the involved objects, the expected signal from
the GC is bounded from both sides and provides a non-trivial
check for the DM interpretation of the 3.53 keV line.

We use XMM-Newton observations of the central 14′ of the
Galactic Center region (total clean exposure 1.4 Msec). We

find that the spectrum has a ∼ 5.7σ line-like excess at ex-
pected energy. The simultaneous fitting of GC, Perseus and
M31 provides a∼ 6.7σ significant signal at the same position,
with the detected fluxes being consistent with the DM inter-
pretation. The fluxes are also consistent with non-observation
of the signal in the blank-sky and M31 off-center datasets,
if one assumes steeper-than-cored DM profile (for example,
NFW of Ref. [100]).

Below we summarize the details of our data analysis and dis-
cuss the results.

Data reduction.We use all archival data of the Galactic Cen-
ter obtained by the EPICMOS cameras [101] with Sgr A* less
than 0.5′ from the telescope axis (see Appendix, Table I). The
data are reduced by standard SAS1 pipeline, including screen-
ing for the time-variable soft proton flares by espfilt. We
removed the observations taken during theMJD 54000–54500
due to strong flaring activity of Sgr A* in this period (see
Fig. 3 in Appendix). The data reduction and preparation of the
final spectra are similar to [1]. For each reduced observation
we select a circle of radius 14′ around Sgr A* and combine
these spectra using the FTOOLS [102] procedure addspec.

Spectral modeling. To account for the cosmic-ray induced
instrumental background we have subtracted the latest closed
filter datasets (exposure: 1.30 Msec for MOS1 and 1.34 Msec
for MOS2) [103]. The rescaling of the closed filter data has
been performed to reduce to zero flux at energiesE > 10 keV
(see [104] for details). We model the resulting physical spec-
trum in the energy range 2.8–6.0 keV. The X-ray emission
from the inner part of the Galactic Center contains both ther-
mal and non-thermal components [93, 94]. Therefore, we
chose to model the spectrum with the thermal plasma model

1 v.13.5.0 http://xmm.esa.int/sas
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.
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Figure 1: A compilation of recent and less recent data in charged cosmic rays. Left: positron fraction.
Right: sum of electrons and positrons.

remnants etc: this possibility is discussed in detail in several contributions to these ICRC 2015
proceedings [18, 19, 20, 21]. It is however very tempting to try and read in these ‘excesses’ the
signature of DM.

Indeed, as already mentioned above, the DM particles that constitute the DM halo of the Milky
Way are expected to annihilate (or perhaps decay) into pairs of primary SM particles (such as bb̄,
µ+µ�, t+t�, W+W� and so on) which, after decaying and through the processes of showering
and hadronizing, give origin to fluxes of energetic cosmic rays: e�,e+, p̄ (and also g-rays, n ...). De-
pending on which one has been the primary SM particle, the resulting spectra differ substantially in
the details. Generically, however, they feature a ‘bump’-like shape, characterized by a high-energy
cutoff at the DM particle mass and, for e± in particular, a softly decreasing tail at lower energies.
It is thus very natural to expect a DM source to ‘kick in’ on top of the secondary background and
explain the e± excesses. The energy range, in particular, is tantalizingly right: the theoretically
preferred TeV-ish DM would naturally give origin to TeV and sub-TeV bumps and rises.

The e�, e+ and p̄ produced in any given point of the halo propagate immersed in the turbulent
galactic magnetic field. This is exactly analogous to what ordinary charged cosmic rays do (with
the only difference that ordinary CRs are mainly produced in the disk). The field consists of
random inhomogeneities that act as scattering centers for charged particles, so that their journey
can effectively be described as a diffusion process from an extended source (the DM halo) to some
final given point (the location of the Earth, in the case of interest). While diffusing, charged CRs
experience several other processes, and in particular energy losses due to synchrotron radiation,
Inverse Compton Scattering (ICS) on the low energy photons of the CMB and starlight, Coulomb
losses, bremsstrahlung, nuclear spallations... . The transport process is solved numerically or semi-
analytically using codes such as GALPROP [22], DRAGON [23], USINE [24], PICARD [25].

The source, DM annihilations or decays, follows r(~x), the DM density distribution in the

4
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H^2 = \left( \frac{\dot a}{a} \right)^2 = \frac{8 \pi G}{3} \rho_{rad}(T) = \frac{8 \pi G}{3} \frac{\pi^2}{15} T^4
\\
aT = \mathrm{cste} ~~~~ \Rightarrow ~~~~ \frac{da}{a} = - \frac{dT}{T} 
\\
\frac{dT}{T^3}= -\sqrt{\frac{8 \pi^3 G}{45}} dt ~~~~\Rightarrow ~~~~ t = \frac{M_{PL}}{T^2}\sqrt{\frac{45}{32 
\pi^3}} \simeq 0.2 \frac{M_{PL}}{T^2}
\\
t \simeq 3 \times 10^{27}~\mathrm{GeV^{-1}} \sim 200 ~\mathrm{seconds}
\\
n(t_D) \sigma v ~ t_D \simeq 1 ~~~~\Rightarrow n(t_D) \simeq \frac{1}{\sigma v t_D}
\\
v = \sqrt{\frac{3 T_D}{m_p}}\times c \simeq 5 \times 10^8 ~\mathrm{cm ~s^{-1}}
\\
T^{now} = \left(\frac{\rho_m^{now}}{\rho_m(10^9~\mathrm{K})}\right)^{1/3} 10^9~\mathrm{K} = \left( \frac{10^{-30}}
{1.78 \times 10^{-6}~\mathrm{g/cm^3}} \right)^{1/3}10^9~\mathrm{K} \simeq 8 ~\mathrm{K}

\psi_\mu \sim i \sqrt{\frac{2}{3}}\frac{1}{m_{3/2}}\partial_\mu \psi

H = h e^{i \frac{\theta}{<H>}} ~~\Rightarrow ~~ W_\mu = i \frac{1}{<H>} \partial_\mu \theta

\mathrm{with}~~ m_{3/2} = \frac{<F>}{\sqrt{3}M_{Pl}}

{\cal L} = \frac{i m_{\tilde G}}{8 \sqrt{6}~ m_{3/2} ~ M_{Pl}} {\color{yellow} \bar\psi} ~  [\gamma_\mu, \gamma_\nu] 
{\color{red} \tilde G} ~ {\color{green} G_{\mu \nu}}

\Omega_{3/2} h^2 \sim 0.3 \left( \frac{1 ~\mathrm{GeV}}{m_{3/2}} \right) \left( \frac{T_{\mathrm{RH}}}{10^{10}~
\mathrm{GeV}} \right) \sum
\left( \frac{m_{\tilde G}}{100~\mathrm{GeV}} \right)^2

\Omega_{3/2} h^2 = {\color{yellow} \Omega_{3/2}^{scat} h^2 } + {\color{red}\Omega_{3/2}^{decay} h^2} ~~ \propto~~ 
{\color{yellow} \frac{T_{RH}\sum  m_{\tilde G^2}}{m_{3/2}^2 M_{Pl}}} +{\color{red} \frac{ \sum M^3_{\tilde Q}}
{m^2_{3/2} M_{Pl}} }



The equations
n_{e^-} + n_{e^+} = n_{\nu} + n_{\bar \nu} = \frac{3}{2} n_{\gamma} 

n_{e^-} + n_{e^+} = 0 ~ ; ~~ n_{\nu} + n_{\bar \nu} = \frac{1}{2} n_{\gamma}

\frac{\ddot a}{a} = - \frac{4 \pi G}{3}  \rho ~\Rightarrow ~ q(t) = - \frac{1}{H^2} \frac{\ddot a}{a} = \frac{4 \pi 
G}{3 H^2} \rho 
\\
= \frac{1}{2} \frac{\rho}{\rho_c}= \frac{1}{2} \Omega,
 ~~~~~~ \mathrm{with} ~ H^2 = \frac{8 \pi G}{3} \rho_c

n(T_f) \langle \sigma v \rangle = H(T_f) ~~ \Rightarrow ~~\left(T_f m \right)^{3/2} e^{-m/T_f} \langle \sigma v 
\rangle < \frac{T_f^2}{M_{Pl}} ~~\Rightarrow ~~ T_f=\frac{m}{\ln{M_{Pl}}} = \frac{m}{26}

\frac{dY}{dT} = \frac{T^2}{H(T)} \langle \sigma v \rangle Y^2 ~~\Rightarrow ~~ Y(T_{now}) = \frac{1}{M_{Pl} T_f 
\langle \sigma v \rangle } = \frac{26}{M_{Pl} m \langle \sigma v \rangle } 

\Omega = \frac{\rho}{\rho_c} = \frac{n \times m}{\rho_c} = \frac{Y \times n_\gamma \times m}{\rho_c} = \frac{26 
\times 400~\mathrm{cm^{-3}}}{\rho_c M_{Pl} \langle \sigma v \rangle} < 1
~~~~~~~~
\Rightarrow \langle \sigma v \rangle > 10^{-9} h^{-2} ~\mathrm{GeV^{-2}}

\langle \sigma v \rangle \simeq G_F^2 m^2 > 10^{-9} ~\mathrm{GeV^{-2}} ~~\Rightarrow ~~ m > 2 ~\mathrm{GeV} 

\frac{dY_{a}}{dx_s} =\left( \frac{45}{g_* \pi} \right)^{3/2} \frac{1}{4 \pi^2} \frac{M_P}{m_{a}^5}x_s^4 R

{\color{white} \chi^0_1=} {\color{red} c_B \tilde B + c_1 \tilde H_1 + c_2 \tilde H_2} {\color{yellow} + c_W \tilde 
W}
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Indirect detection of dark matter (experience)

mχ (dark matter mass)

σv (cm3s-1)

Thermal relic : σv = 3 x 10-26 cm3 s-1

OVERABUNDANCE (forbidden in thermal scenario)

UNDERABUNDANCE (does not fulfill WMAP/PANCK)

⌦h2 ' 3⇥ 10�27cm3s�1

h�vi , ⌦h2

PLANCK

' 0.1 ) h�vi
decoupling

' 3⇥ 10�26cm3s�1 ⇠ 10�9 GeV�2



Conclusion

It seems then natural to think out of the « thermal » box, to 
allows couplings unrelated to the electroweak scale.

As we just see, the WIMP paradigm in the simplest extensions, 
or in more complex supersymmetric frameworks is already 

pushed toward narrow regions, or fine tuned parameter space. 

In fact, the more general dark matter, if generated in another 
sector of the theory (unified gauge theory, supergravity,  extra 

dimension, heavy sector..)  
should not have coupling related to the electroweak 

symmetry breaking scale!! 



Figure 2: Plot of rescaled spin-dependent WIMP detection rate ⇠�SD(�, p) versus m� from
several published results versus current ANTARES and IceCube reach and projected (dashed)
LZ, XENON1T, PICO-500 and DARWIN reaches. ⇠ = 1 for all models but RNS.

the pMSSM includes all other models as subsets, it is perhaps not surprising that the model
encompasses all other predictions, and then some.

4 Spin-dependent WIMP-nucleon scattering

The spin-dependent WIMP-nucleon scattering cross section �SD(�, p) vs. m� is shown in Fig. 2.
These scattering reactions take place via Z and squark exchange; again, since squarks are
expected heavy, the Z-exchange diagram should dominate. However, the Z-exchange coupling
is proportional to (Eq. 8.101 of Ref. [66])

XZ
11 ⇠

1

4

p
g2 + g02(v(1)21 + v

(1)2
2 ) (3)

which depends only on the higgsino components of �1. Thus, models with a mainly higgsino-
like LSP tend to yield large SD scattering cross sections. While a variety of underground
experiments have developed bounds on �SD, the best recent bounds come from the IceCube
experiment which monitors WIMP annihilation into high energy neutrinos in the solar core. In

9
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