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Where	is	``new	physics”?		

Ø No	convincing	hint	from	
the	LHC	

	
but…	
	

Low	energy	SUSY	remains	the	front-runner	for	``new	physics”	

Ø Fundamental	scalar	-->	SUSY	
	
Ø Light	and	SM-like	-->					SUSY	



Why	SUSY…	
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Ø Gauge	coupling		unifica=on	

Ø MZ	–	MGUT	hierarchy	problem	

Ø …	

Ø Dark	ma*er	

Ø Higgs	boson	mass	<~	130	GeV	

Ø Superpartners	at	~	TeV	scale	

LHC:	mh=125	GeV	
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DM: The Big Picture
L.R. (2000), hep-ph/0404052
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Well-mo=vated	candidates	for	dark	ma*er	

Phys.	Rept.	
(1307.3330)		
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Fig. 4. (Color online) Several well-motivated candidates of DM are shown. σint is
the typical strength of the interaction with ordinary matter. The red, pink and blue
colors represent HDM, WDM and CDM, respectively. We updated the previous
figures [375,304] by including the sterile neutrino DM [95,96,4].

the visible-sector particles was performed by Lee and Weinberg [331]. This
was followed by Goldberg [209] for the case of SUSY neutralinos and has been
reviewed extensively in the case of SUSY models in [266]. In Fig. 4, we list
several DM candidates in the cross-section vs. mass plot, which started from
Ref. [331]. In the case of SUSY WIMPs, the introduction of a Z2 symmetry
was needed, which is usually taken to be R-parity. Other unbroken discrete
symmetries are also possible for an absolutely stable particle in SUSY models
[252].

The simplest example of a discrete symmetry is Z2 or parity P because then
all the visible-sector particles are simply assigned with 0 (or +) modulo 2
quantum number of Z2 (or parity P ). Because most of the visible-sector par-
ticles are assumed to be lighter than the WIMP, the WIMP is assigned with
1 modulo 2 quantum number of Z2 (or − of parity P ). The WIMP which is
responsible for CDM is the lightest Z2 = 1 (modulo 2) particle, or the lightest
P = −1 particle. This case is very elementary because then one may classify
particles into two sectors: the visible sector with Z2 = even and the other
sector with Z2 = odd. For a SUSY WIMP, an exact Z2R has been used such
that the lightest Z2R-odd particle can be the WIMP [222,220]. With a bigger
discrete symmetry, classification of particles according to the quantum num-
bers of the discrete symmetry is more complex, but may also result in a stable
WIMP.
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SUSY:	Constrained	or	Not?	
•  Constrained:	 •  Phenomenological:	
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Low-energy	SUSY	models	with		
grand-unifica=on	rela=ons	among		
gauge	couplings	and	(sos)	SUSY	mass	
parameters	

Many	models:	
•  CMSSM		(Constrained	MSSM):	4+1	parameters	
•  NUHM	(Non-Universal	Higgs	Model):	6+1	
•  CNMSSM	(Constrained	Next-to-MSSM)	5+1	
•  CNMSSM-NUHM:	7+1	
•  etc	

Virtues:	
•  Well-mo=vated	
•  Predic=ve	(few	parameters)	
•  Realis=c	

Many	models:		
•  general	MSSM	–	over	120	params	
•  MSSM	+	simplifying	assump=ons	
•  pMSSM:	MSSM	with	19	params	
•  p9MSSM,	p12MSSM,	pnMSSM,	…	

figure	from	hep-ph/9709356	

Supersymmetrized	SM…	

Features:	
•  Many	free	parameters	
•  Broader	than	constrained	SUSY	

MSSM	

CMSSM	NUHM	



Bayesian	sta=s=cs	

Bayes	theorem:	

•  Prior: what we know about hypothesis BEFORE seeing the data.	

•  Likelihood: the probability of obtaining data if hypothesis is true. 	

•  Evidence:  normalization constant, crucial for model comparison.	

•  Posterior: the probability about hypothesis AFTER seeing the data.	

If	hypothesis	is	a	funcOon	of	parameters,	then	posterior		
becomes	posterior	probability	funcOon	(pdf).	

Posterior =

Prior⇥Likelihood

Evidence

7	L.	Roszkowski,	DSU-15,	Kyoto,	Dec'15	

Posterior	à		credible	regions	at	chosen	CL	

Minimum	chi2	approach:	find	best-fit	and	draw	confidence	regions	about	it	



~125	GeV	Higgs	and	unified	SUSY	
u  Take	only	mh~125	GeV	and	lower	limits	

from	direct		SUSY	searches	
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Figure 4: Marginalized 2D posterior pdf in (a) the (m0, m1/2) plane of the CMSSM for

µ > 0, (b) the (A0, tan�) plane for µ > 0, (c) the (m0, m1/2) plane for µ < 0, and (d)

the (A0, tan�) plane for µ < 0, constrained by the experiments listed in Table 1, with the

exclusion of ⇥ (g � 2)µ for µ < 0. The 68% credible regions are shown in dark blue, and the

95% credible regions in light blue. The dashed red line shows the CMS combined 95% CL

exclusion bound.

the correct Higgs mass. (See [16] for a detailed discussion, and also [32] where we discussed

in detail the CMSSM limit of the CNMSSM, and adopted the same updated values of

experimental constraints as in this study.)

As a side remark, we note that in [16] the best-fit point was located in the AF region.3

3It was also emphasized there that the location of the best-fit point in the CMSSM is very sensitive to
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u  	Add	relic	abundance	

~1	TeV		
higgsino	DM	

(``new”)	
	

bino	DM	
(previously	
favored)	

Simple	unified	SUSY:		
NO	other	solu=ons	

to compare those results with our recent CMSSM analysis [25]. In doing so, one needs to take into
account the di⇤erences between the numerical codes and constraints adopted in both studies. We
summarize them here.

1. In this study we use NMSSMTools for calculating the supersymmetric spectrum, while in [25]
we used SoftSUSY. We have repeatedly cross-checked the spectra obtained in the MSSM limit of the
NMSSM with the ones generated by SoftSUSY, finding some di⇤erences, especially with respect
to loop corrections giving the largest values of the lightest Higgs mass. In some regions of the
parameter space the di⇤erence between the two generators amounted to ⇧ 0.5� 1GeV. Given the
experimental and theoretical uncertainties in the Higgs mass, such di⇤erence amounts to ⇧ 0.25
units of ⌅2, which is not significant for the purpose of the global scan.

2. In this paper we have applied a new limit on BR (Bs ⌃ µ+µ�), obtained from the combina-
tion of LHCb, ATLAS and CMS data [33]. We have further modeled the Bs ⌃ µ+µ� likelihood
according to the procedure described is Sec. 3.1. The SM rate rescaled by the time dependent asym-
metries [34] is now BR (Bs ⌃ µ+µ�)SM = (3.53± 0.38)⇥ 10�9, which is a value more appropriate
for comparison with the experimental rate than the unscaled, ⇧ 3.2⇥ 10�9, one.

3. We have updated the nuisance parameters Mt and mb(mb)
MS following [31]; see Table 2.

The upgrade in Mt has significant implications for mh1 . The leading one-loop corrections to the
Higgs mass squared are given by
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where mt is the running top quark mass,4 MSUSY is the geometrical average of the physical stop
masses, MSUSY ⌅  mt̃1mt̃2 , and Xt = At�µe� cot�. Since �m2

h ⌥ m4
t it is now easier to generate

Higgs masses in agreement with the experimental values. In particular, as we highlighted in [25],
a Higgs mass compatible with the observed excess at 125GeV was rather di⌃cult to achieve over
the CMSSM parameter space. That tension has now become somewhat reduced, and we will show
below that the correct Higgs mass can be obtained in the CMSSM limit of the CNMSSM.

4.1 Impact of the relic density

To set the ground for the presentation of our numerical results, we first comment on the role of the
relic density of DM in selecting favored regions. The relic density is a strong constraint, since it is a
positive measurement (in contrast to a limit) with a rather small experimental uncertainty; Table 1.
On top of it, it is well known that in unified SUSY models with neutralino LSP the corresponding
abundance ⇥⇥h2 is typically too large, or in other words, its annihilation in the early Universe
is ‘generically’ too ine⌃cient. Specific mechanisms for enhancing it are therefore needed which,
however, are only applicable in specific SUSY configurations. As a result, in most cases the regions
of high probability in the global posterior will reflect one or more of the regions of parameter space
where ⇥⇥h2 is close to the measured relic density of DM. The regions that are still allowed by direct
SUSY searches are:

1. The stau-coannihilation (SC) region [65]. As is known, in constrained SUSY models, like the
C(N)MSSM, this is a narrow strip at a sharp angle to the m1/2 axis. The values of A0 and tan�
are also constrained, as only for |A0| not exceeding ⇧ 2TeV the running parameter A� at the EW
scale does allow the stau to become light enough to be comparable with the neutralino. Also, too
large values of tan� can push the mass of the stau below the neutralino mass and make it the LSP.
Values of m1/2 that are excessively large, on the other hand, can suppress the annihilation cross

4Note that running top quark mass is related to the pole mass through the formula given in Eq. (10) of Ref. [64].
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Figure 11: (a) Scatter plot showing the value of mh in the (m0, m1/2) plane of the CMSSM for the case with the
assumed light Higgs mass around 125GeV. (b) Marginalized posterior pdf in the parameters Xt vs MSUSY , relevant

for the loop corrections to the Higgs mass, for the same case.

plane, for the signal case. One can see that Higgs masses compatible with 125GeV at 1⇥ can be obtained in large
number across the whole plane. Particularly, the mass distribution presented in Fig. 11(a) has one interesting aspect.
The one-loop contribution to the Higgs mass in the decoupling limit (mA ⇤ mZ) for moderate-to-large tan� is given
by [56]
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12M2
SUSY
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where mt is the top quark mass, MSUSY is the geometrical average of the physical stop masses, and Xt = At�µ cot�.
While the presence of a relatively heavy Higgs is not a surprise in the A-funnel region, where the one-loop contribution
to mh is driven up by a large SUSY scale, it is more striking in the ⇤̃ -coannihilation region. This e⇥ect is particularly
strong in the case of a putative Higgs signal. As anticipated above, to ensure such a heavy Higgs mass in the region of
low m0 and m1/2, the contribution from the Xt factor in Eq. (18) should be significant. (Xt ⇥ At almost throughout
the whole parameter space.) In fact, it turns out that the ⇤̃ -coannihilation region is the only region of parameter
space where the factor |Xt|/MSUSY reaches values close to ⇥ 2.5, the maximal contribution from the stop-mixing.

The interplay between MSUSY and Xt just described is often claimed in the literature to be an indication of fine-
tuning [57], thus making the CMSSM a less natural model than, for instance, the Next-to-Minimal Supersymmetric
Standard Model [17]. We plot in Fig. 11(b) the two-dimensional marginalized posterior in the (MSUSY , Xt) plane for
the case with the Higgs signal. One can see two separate high probability regions. The one on the right corresponds
to the A-funnel region, where the best-fit point lies, while the one on the left, smaller in size, to the ⇤̃ -coannihilation
region. We gather that, even if the model might be intrinsically fine-tuned, given the present status of experimental and
theoretical uncertainties, our global set of constraints favors 2⇥ credible regions that span an area of ⇥ 10TeV2, thus
allowing a broad range of values for these parameters. Moreover, it appears clear that the present set of constraints
highly favor negative values of Xt.

B. Impact of (g � 2)µ and the case µ < 0

Since the poor global fit is mainly a result of the (g � 2)µ constraint, and the SM prediction is to this day still
marred by large theoretical uncertainties, we have also performed scans without the (g � 2)µ constraint included in
the likelihood. When doing so, it is not necessary anymore to assume sgnµ = +1, as the main reason for such choice
was to improve the fit to this particular measurement. For this reason we will not show the case with (g � 2)µ and
µ < 0 because the global fit worsens. We will summarize the goodness of all the fits in Table IV.

�DMh2 ' 0.12

CMSSM	

A	curse!	



SUSY	confron=ng	data	
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Measurement Mean or Range Exp. Error Th. Error Likelihood Distribution Ref.
CMS razor 4.4/fb analysis See text See text 0 Poisson [2]
SM-like Higgs mass mh 125 2 2 Gaussian [8, 9, 44]
⇥⇥h

2 0.1120 0.0056 10% Gaussian [46]
sin2 ⇤e� 0.23116 0.00013 0.00015 Gaussian [47]
mW 80.399 0.023 0.015 Gaussian [47]
⇥ (g � 2)SUSY

µ ⇥1010 28.7 8.0 1.0 Gaussian [47, 48]

BR
�
B ⇤ Xs�

�
⇥104 3.60 0.23 0.21 Gaussian [47]

BR (Bu ⇤ ⌃⇧)⇥104 1.66 0.66 0.38 Gaussian [49]
�MBs 17.77 0.12 2.40 Gaussian [47]
BR

�
Bs ⇤ µ+µ�� < 4.5⇥ 10�9 0 14% Upper limit – Error Fn [23]

Table III: The experimental measurements that we apply to constrain the CMSSM’s parameters. Masses are in GeV.

The experimental constraints applied in our scans are listed in Table III. In comparison with our previous papers
Ref. [25, 26], the new upper limit on BR (Bs ⌅ µ+µ�) is used, which is evidently more constraining than the old
one. Note also that LEP and Tevatron limits on the Higgs sector and superpartner masses are not listed in Table III
because the subsequent LHC limits were generally stronger, and in any case in this paper we consider only the case
of the Higgs signal. The razor and Higgs limits are included as described in Sec. II.

In Ref. [26] we showed that the e⇥ect of the current limits from FermiLAT and XENON100 strongly depends on
a proper treatment of astrophysical uncertainties. If the uncertainties are treated in a conservative way, both direct
and indirect limits from DM searches are not more constraining than the accelerator ones, hence we ignore them in
the present analysis.

We have developed a new numerical code, BayesFITS, similar in spirit to the MasterCode [50] and Fittino [51]
frameworks (which perform frequentist analyses), and to SuperBayeS [52] and PySUSY5 (which perform Bayesian
analyses). BayesFITS engages several external, publicly available packages: for sampling it uses MultiNest [53] with
4000 live points, evidence tolerance factor set to 0.5, and sampling e⌅ciency equal to 0.8. The mass spectrum is
computed with SOFTSUSY and written in the form of SUSY Les Houches Accord files, which are then taken as input
files to compute various observables. We use SuperIso Relic v3.2 [54] to calculate BR

�
B ⌅ Xs⇥

⇥
, BR (Bs ⌅ µ+µ�),

BR (Bu ⌅ �⌃), and ⇤ (g � 2)
SUSY
µ , and FeynHiggs 2.8.6 [55] to calculate the electroweak variables mW , sin2 ⌅e� ,

and �MBs . The DM observables, such as the relic density and direct detection cross sections, are calculated with
MicrOMEGAs 2.4.5 [56].

Below we will present the results of our scans as one-dimensional (1D) or two-dimensional (2D) marginalized
posterior pdf maps of parameters and observables. In evaluating the posterior pdf’s, we marginalize over the given
SUSY model’s other parameters and the SM’s nuisance parameters, as mentioned above and described in detail in
Refs. [25, 26].

A. The CMSSM with (g � 2)µ

In Figs. 2(a) and 2(b) we show the marginalized posterior pdf in the (m0, m1/2) plane and in the (A0, tan�) plane,
respectively. In these and the following plots we show the Bayesian 68.3% (1⌥) credible regions in dark blue, encircled
by solid contours, and the 95% (2⌥) credible regions in light blue, encircled by dashed contours.

The posterior presented in Fig. 2(a) features a bimodal behavior, with two well-defined 1⌥ credible regions. One
mode, smaller in size, which is located at small m0, is the �̃ -coannihilation region, whereas a much more extended
mode lies in the A-funnel region. Although the bimodal behavior is superficially similar to what was already observed
in Ref. [25], there are substantial di⇥erences. Most notably, the high probability mode which, in that paper and in
Ref. [26], was spread over the focus point (FP)/hyperbolic branch (HB) region at large m0 and m1/2 ⇤ m0, has now
moved up to the A-funnel region.

The reason for the di⇥erent behavior of the posterior with respect to Ref. [25] is twofold. On the one hand, we have
found that the highest density of points with the right Higgs mass can be found at m1/2 ⇥> 1TeV, which moves the
posterior credible regions up in the plane. On the other hand, some points with a large mh can also be found in the
FP/HB region but the scan tends to ignore them in favor of points in the A-funnel region over which the b-physics
constraints are better satisfied. The new upper bound on BR (Bs ⌅ µ+µ�) from LHCb also yields a substantial

5 Written by Andrew Fowlie, public release forthcoming, see http://www.hepforge.org/projects.

SM value: ' 3.5 ⇥ 10�9

10	dof	

most	important	(by	far)	

Constraint Mean Exp. Error Th. Error Ref.

Higgs sector See text. See text. See text. [55–58]

Direct SUSY searches See text. See text. See text. [59–67]

⌃SI
p See text. See text. See text. [52]

⇤⇤h2 0.1199 0.0027 10% [19]

sin2 ⇤e� 0.23155 0.00015 0.00015 [68]

⇥ (g � 2)µ ⇥ 1010 28.7 8.0 1.0 [24, 25]

BR
�
B ⇤ Xs�

⇥
⇥ 104 3.43 0.22 0.21 [20]

BR (Bu ⇤ ⌥⇧)⇥ 104 0.72 0.27 0.38 [21]

�MBs 17.719 ps�1 0.043 ps�1 2.400 ps�1 [68]

MW 80.385GeV 0.015GeV 0.015GeV [68]

BR (Bs ⇤ µ+µ�)⇥ 109 2.9 0.7 10% [22, 23]

Table 1: The experimental constraints used in this study.

for the likelihood of XENON100 [70] to the data from LUX. We assume that the number

of observed events follows a Poisson distribution centered on the predicted signal plus

background. A likelihood map in the (m⇤, ⌃SI
p ) plane is generated by simulating signal

events in micrOMEGAs [71] and marginalizing over the uncertainty in the expected number

of background events. In Fig. 1(a) we plot the 68.3%, 90%, and 99.7% C.L. exclusion

bounds obtained with our procedure. The dashed black line gives the o⌃cial 90% C.L.

exclusion bound. In our scans, we also account for uncertainties in the predicted elastic

scattering cross section [72, 73] by including the nuclear form factors ⌃s and ⇥⇥N as nuisance

parameters.

We finally account for the direct SUSY searches at the LHC by updating the method

developed in [11, 16]. We generate a grid in the (m0, m1/2) plane at 50-GeV intervals.

At each point we generate squark- and gluino-production events using Madgraph [74] and

produce the parton shower in pythia [75]. The cross sections are calculated using nll �
fast [76–80] to include the next-to-leading order and next-to-leading log contributions. We

evaluate the expected number of events in a given signal region for the searches considered

using CheckMATE [59–67]. CheckMATE includes a number of validated SUSY searches and

includes an advanced tuning of the fast detector simulation. We calculate a likelihood for

each search from the product of Poisson distributions for each signal region. We account for

the uncertainties in the background rate by marginalizing over the background rate with a

gaussian distribution. When calculating the likelihood, we consider the two searches that

give the strongest limits in the CMSSM: a 0 lepton 2–6 jets ATLAS search [81] and a

0–1 lepton 3 b-jets ATLAS search [82]. We scale the total squark and gluino production

rate by a small constant factor to match the limit achieved by the experimental analyses

in order to account for the remaining di⌅erences in e⌃ciencies due to the fast detector

simulation. To combine the results of the two ATLAS searches we evaluate at each point

which of the two searches has the largest expected exclusion and then use that search to

– 5 –

We	do	simultaneous	scan	of	at	least	8	parameters	(4	of	CMSSM	+	4	of	SM)	
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•  LHC	–	only	stau	coannihila=on	will	
be	+/-	covered	

LHC14	reach:	
Gluino:	~2.7	GeV		
Squarks:	~3	TeV	

(a) (b)

(c) (d)

Figure 3: Marginalized 2D posterior distribution for the CMSSM in (a) the (m0, m1/2) plane for µ > 0, (b) the
(A0, tan�) plane for µ > 0, (c) the (m0, m1/2) plane for µ < 0, and (d) the (A0, tan�) plane for µ < 0. The 68%
credible regions are shown in dark blue and the 95% credible regions in light blue. For comparison we show the
68% and 95% credible regions of [11] (KRS (2013) hereafter) encapsulated by thin gray dashed lines. The ATLAS
95% C.L. exclusion line is shown in red solid for reference.

95% regions obtained in [11], which we present for comparison to highlight the impact of the new
constraints.

As has been long standing practice, in the CMSSM the modes of the posterior pdf are identified
according to the respective mechanisms to satisfy the relic density constraint. The little, round,
95% credibility region just above the ATLAS line at low m0 is the stau-coannihilation region [62];

8
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$� �	���� �	���5CMSSM:	typical	mass	spectra:	 1405.4289	

•  General	MSSM:	much	lower	spartner	masses	allowed	

CMSSM-like:	chances	look	remote!	

The	(HEP)	world	is	not	enough!	

1405.4289		
(update	of	1302.5956)	

•  (Constrained)	Non-MSSM:	other	light	(pseudo)Higgs	allowed	
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µ > 0

~1TeV	higgsino	DM:	exci=ng	prospects	for	LUX,	X100	&	1t	detectors	

Stau	coan’n	

A-funnel	

~1	TeV		
higgsino	DM	

Focus	point	region	ruled	out	by	LUX	(already	tension	with	X100)	

(a) (b)

Figure 7: (a) Marginalized 2D posterior distribution for the CMSSM with µ > 0 in the (m�, ⇥
SI
p ) plane. The red

solid line shows the 90% C.L. upper bound as given by LUX, here included in the likelihood function. The gray
dot-dashed line shows the 2012 XENON100 90% C.L. bound and the blue dashed line shows projected sensitivity for
2017 at XENON1T. (b) Marginalized 2D posterior distribution for the CMSSM with µ > 0 in the (m�, ⇥v) plane.
The blue dashed line shows the expected sensitivity of CTA under the assumption of a NFW halo profile. The blue
dot-dashed line shows the corresponding sensitivity with Einasto profile. The dotted gray line shows the projected
sensitivity of the CTA expansion considered in [73].

expected reach as a blue dashed line in Figs. 6(a) and 6(b). Approximately 50% of the points in
the A-resonance region fall within the expected sensitivity.

3.2 Prospects for dark matter detection

In Fig. 7(a) we show the 2D posterior distribution in the (m�, ⇥SI
p ) plane for µ > 0. The di�erent

regions are well separated and can be identified from left to right as the stau-coannihilation, A-
resonance and⇥ 1TeV higgsino regions. We show the current LUX 90% C.L. exclusion as a red solid
line, the previous XENON100 [45] bound as a gray dot-dashed line, and the projected sensitivity
of XENON-1T as a blue dashed line. The bino-like neutralino typical of the stau-coannihilation
and A-resonance regions has a suppressed coupling to the nucleus, so that both regions lie well
below the current LUX bound and it is very unlikely they will be tested, even with the improved
sensitivity of XENON-1T. In contrast, the ⇥ 1TeV higgsino region lies almost entirely within the
projected XENON-1T sensitivity. The entire 68% and nearly all of the 95% credibility region have
the potential to be probed in the next few years, encompassing about 70% of the points in the
scan. This makes dark matter direct detection searches the predominant tool for exploration of the
CMSSM.

In the CMSSM the largest cross section values, ⇥SI
p ⇥> 10�8 pb, are obtained in the focus point

region. One can see the beginning of the horizontal branch joining the higgsino and focus point
regions, at m� ⇤ 0.7 � 0.8TeV. The e�ect of the LUX limit in the likelihood is visible, as the
credibility region is cut o� rapidly after crossing the 90% C.L. bound, shown in red. In contrast
to [11], this causes the focus point region to be disfavored by the scan. In the µ < 0 scenario

14

(a) (b)

(c) (d)

Figure 3: Marginalized 2D posterior distribution for the CMSSM in (a) the (m0, m1/2) plane for µ > 0, (b) the
(A0, tan�) plane for µ > 0, (c) the (m0, m1/2) plane for µ < 0, and (d) the (A0, tan�) plane for µ < 0. The 68%
credible regions are shown in dark blue and the 95% credible regions in light blue. For comparison we show the
68% and 95% credible regions of [11] (KRS (2013) hereafter) encapsulated by thin gray dashed lines. The ATLAS
95% C.L. exclusion line is shown in red solid for reference.

95% regions obtained in [11], which we present for comparison to highlight the impact of the new
constraints.

As has been long standing practice, in the CMSSM the modes of the posterior pdf are identified
according to the respective mechanisms to satisfy the relic density constraint. The little, round,
95% credibility region just above the ATLAS line at low m0 is the stau-coannihilation region [62];

8

1405.4289	(update	of	1302.5956)	

70%	
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H.	Baer,	K.-Y.	Choi,	J.E	Kim,	LR		

X1T	reach		
by	~2017	

~1	TeV	higgsino	DM:	Excellent	prospects!	

Reach	of	currently	
running	
experiments:		
LUX,	Xenon100	
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easiest to achieve ��h2 ' 0.1

when mH̃ ' 1TeV

When mB̃ ⇠> 1TeV:

² robust,	generically	present	in	many	SUSY	models	
	(both	GUT-based	and	not)	

	
	
² implied	by	~125	GeV	Higgs	mass		

	and	relic	density	
² most	natural	of	SUSY	DM	
² smoking	gun	of	SUSY!?	
	

Condi=on:	heavy	enough	gauginos	

No	need	to	employ	special	mechanisms		
(A-funnel	or	coannihila=on)	to	obtain	

	correct	relic	density	

 0
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Similarly	with	wino	but	mass	less	
determined	due	to	Sommerfeld	effect	
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Ø  e.g.,	NUHM	(Non-Universal	Higgs	Model)	
	
	
	
	
	
	
	
	
	

	
	
Ø  General	MSSM:	only	some	``islands”	will	be	probed	by	direct	

SUSY	searches	(Atlas,	CMS),	B_s	->	mu	mu	(CMS,	LHCb),	DM	1	
tonne	detectors	and/or	CTA	

(a) (b)

Figure 12: (a) Marginalized 2D posterior distribution in the (m�, ⇥
SI
p ) plane of the NUHM with µ > 0.

The solid red line shows the 90% C.L. upper bound as given by LUX, here included in the likelihood function.

The dot-dashed gray line shows the 90% C.L. 2012 bound of XENON100. The projected sensitivity for

2017 at XENON-1T is shown in magenta dashed. The black dotted line marks the onset of the irreducible

neutrino background. (b) Marginalized 2D posterior distribution for the NUHM with µ > 0 in the (m�, ⇥v)

plane. The magenta dashed line shows the expected sensitivity of CTA under the assumption of a NFW

halo profile. The magenta dot-dashed line shows the corresponding sensitivity with Einasto profile. The

thin dotted line shows the projected sensitivity of the CTA expansion [104].

like ⇥±
1 , accompanied by a lower tail that extends to larger mass values, typical of the

wino-dominated charginos.

4.2 Prospects for dark matter detection

In Fig. 12(a) we show the marginalized 2D posterior distribution in the (m�, �SI
p ) plane.

As was the case in the CMSSM, shown in Fig. 7(a), one can easily identify the ⇥ 1TeV

higgsino region as the large 68% and 95% credible region at m� ⇤ 1� 1.2TeV right below

the LUX limit.

The characteristics of this region are largely independent of the model, so that the

prospects for detection are similar to the CMSSM. However, the relative probability of this

region is larger in the NUHM, being greater than 90%, versus approximately 70% of the

total probability in the same region of the CMSSM.

On top of this, as was mentioned when discussing Fig. 9(b), many of the solutions in the

A/H-resonance region of the NUHM feature mixed composition, bino-higgsino neutralinos

with m� ⇥> 1.2TeV, with consequently enhanced couplings to the nucleus. Those points

can be seen in Fig. 12(a) scattered below the LUX limit, well in reach of the XENON-1T

sensitivity, shown with a magenta dashed line,

On the negative side, one can see that the remaining 95% credible region, the stau-

coannihilation region, now extends to much smaller values of �SI
p and for neutralinos heavier

– 23 –

q ~1	TeV	higgsino	DM	
dominant	

	
q 	will	be	almost	fully	
probed	by	1-tonne	
detectors	

~90%		
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Direct	Search	for	DM	in	general	SUSY	

•  pMSSM	(=p19MSSM)	
•  bino	(M1)	vs	wino	(M2)	

masses:	free	params	

Parameter Range

Higgsino/Higgs mass parameter �10 ⇤ µ ⇤ 10
Bino soft mass �10 ⇤ M1 ⇤ 10
Wino soft mass 0.1 ⇤ M2 ⇤ 10
Gluino soft mass �10 ⇤ M�

3 ⇤ 10
Top trilinear soft coupl. �10 ⇤ At ⇤ 10

Bottom trilinear soft coupl. �10 ⇤ Ab ⇤ 10
⇤ trilinear soft coupl. �10 ⇤ A� ⇤ 10

Pseudoscalar physical mass 0.1 ⇤ mA ⇤ 10
1st/2nd gen. soft L-slepton mass 0.1 ⇤ mL̃1

⇤ 10
1st/2nd gen. soft R-slepton mass 0.1 ⇤ mẽR ⇤ 10

3rd gen. soft L-slepton mass 0.1 ⇤ mL̃3
⇤ 10

3rd gen. soft R-slepton mass 0.1 ⇤ m�̃R ⇤ 10
1st/2nd gen. soft L-squark mass 0.75 ⇤ mQ̃1

⇤ 10

1st/2nd gen. soft R-squark up mass 0.75 ⇤ mũR ⇤ 10
1st/2nd gen. soft R-squark down mass 0.75 ⇤ md̃R

⇤ 10

3rd gen. soft L-squark mass 0.1 ⇤ mQ̃3
⇤ 10

3rd gen. soft R-squark up mass 0.1 ⇤ mt̃R
⇤ 10

3rd gen. soft R-squark down mass 0.1 ⇤ mb̃R
⇤ 10

ratio of Higgs doublet VEVs 1 ⇤ tan� ⇤ 62

Table 1: Prior ranges for the pMSSM parameters, over which we perform our scans. All masses
and trilinear couplings are given inTeV.
� In order to avoid generating a large number of points strongly disfavoured by the LHC we impose
an additional cuto� on the physical gluino mass, mg̃ > 750GeV.

in Sec. 4 we show our numerical results, which include a summary of the present status of indirect
bounds on the pMSSM, the calculated sensitivity of CTA, and a comparison with present and
future sensitivities from complementary experiments; we finally give our conclusions in Sec. 5. The
details of our calculation of CTA sensitivity and a comparison with alternative statistical methods
are presented in Appendix A.

2 Scanning methodology and experimental constraints

The pMSSM with 19 free parameters gives a generic coverage of the properties of the CP and R
parity-conserving MSSM. The parameters are defined at the scale of the geometrical average of the
physical stop masses, MSUSY = (mt̃1mt̃2)

1/2, and we scan them in the ranges given in Table 1. In
addition, we scan over the top quark pole mass, Mt, treated here as a nuisance parameter. We
assume a Gaussian distribution for Mt, whose central value and experimental error are given in [69]:
Mt = 173.34±0.76GeV. The remaining SM nuisance parameters are fixed to their PDG [2] central
values.

For scanning we use the package BayesFITS [70, 71, 30, 19], which interfaces several publicly
available tools to direct the scanning procedure and calculate physical observables. The sampling is
performed by MultiNest [72] with 20000 live points. The evidence tolerance is set to 0.0001 so that
the stopping criterion is not reached before we collect a number of points deemed adequate for our
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General	MSSM:	No	DM	mass	restric=ons	
…	but	different	WIMP	composi=ons	

Roszkowski,	Sesssolo,	Williams,	1411.5214	

•  Very	wide	scan	
•  All	relevant	constraints	
•  Sommerfeld	effect	included	

(a) (b)

Figure 1: (a) The distribution of the points with �⇥2 � 5.99 (see Table 2) in the (m�, �v) plane. The colour
coding identifies the composition of the lightest neutralino. Pure states are shown in green for the bino (B̃), blue
for the wino (W̃ ), and red for the higgsino (h̃u/d). Admixtures are shown with intermediate colours in accordance
with the legend. (b) Same as (a) but in the (m�, �

SI
p ) plane. The dashed grey line shows the 90% C.L. bound from

LUX [6], included in the likelihood.

⇥2 = �2 ln(L/Lmax) .
In Fig. 1(a) we show the distribution of our scan points in the (m�, �v) plane (we remind the

reader that �v = ⌅�v⇧|p�0) for the case where the LSP saturates the relic abundance, ��h2 =
�Planckh2 . The colour code gives the composition of the lightest neutralino. The equivalent dis-
tribution in the (m�, �SI

p ) plane is shown in Fig. 1(b). The LUX bound on �SI
p is included in the

likelihood: in Fig. 1(b) almost no points lie above the 90% C.L. limit, shown here with a dashed
grey line for clarity.

As is well known, the neutralino mass and composition are determined by the relic density
because it is a strong constraint with a relatively small uncertainty. The points of the elongated,
almost vertical branches at m� < 100GeV belong to the Z- and h-resonance “regions” [94]. The
neutralino mass is approximately half the mass of the Z boson or of the lightest Higgs, so that
resonant annihilation in the early Universe leads to the correct relic density. The neutralino is
predominantly bino-like with a small admixture of higgsino that does not exceed ⇥ 40%. Because
of their relatively low mass, neutralinos in this region are in pole position among the SUSY particles
that will be tested at the LHC 14TeV run, particularly in direct DM production experiments like
the monojet/monophoton searches, which do not depend on the presence of light charginos or
sleptons in the spectrum. On the other hand, because of their suppressed present-day annihilation
cross section these points are in principle not very interesting for indirect detection.

As the neutralino mass increases, m� > 100GeV, predominantly bino-like LSPs (in green) sat-
isfy the relic density through di⇥erent well-understood mechanisms. From the left to the right, the
point models are characterised by “bulk-like” annihilation to sleptons [95, 96], slepton/neutralino
co-annihilation [97], or resonance with heavy A/H Higgs bosons [96].1

1A more detailed description of the mass ranges associated with each mechanism in a 9-dimensional low-scale

6

wino	

higgsino	

	bino	

No	SE	included	



MasterCode,	1508.01173	

~1	TeV	higgsino-like	WIMP:	implied	by	~125	GeV	Higgs	->	large	m1/2	and	m0	

Bayesian	vs	chi-square	analysis		
(updated	to	include	3loop	Higgs	mass	corrs)	

L.	Roszkowski,	DSU-15,	Kyoto,	Dec'15	 16	

chi2		

Reasonably	good	agreement	in	overlapping	region	
(a) (b)

(c) (d)

Figure 3: Marginalized 2D posterior distribution for the CMSSM in (a) the (m0, m1/2) plane for µ > 0, (b) the
(A0, tan�) plane for µ > 0, (c) the (m0, m1/2) plane for µ < 0, and (d) the (A0, tan�) plane for µ < 0. The 68%
credible regions are shown in dark blue and the 95% credible regions in light blue. For comparison we show the
68% and 95% credible regions of [11] (KRS (2013) hereafter) encapsulated by thin gray dashed lines. The ATLAS
95% C.L. exclusion line is shown in red solid for reference.

95% regions obtained in [11], which we present for comparison to highlight the impact of the new
constraints.

As has been long standing practice, in the CMSSM the modes of the posterior pdf are identified
according to the respective mechanisms to satisfy the relic density constraint. The little, round,
95% credibility region just above the ATLAS line at low m0 is the stau-coannihilation region [62];

8

Note:	Likelihood	fn	is	rather	flat		

1405.4289		
(update	of	1302.5956)	



CMSSM:	Complementarity	of	DD,	CTA	and	LHC	
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..all	parameter		
space	covered		

at	2	sigma	

CMSSM	can	be	
fully	explored	by	
experiment		

@2sigma	
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Natural	is	what	is	realized	in	Nature!	

Natural?	



Fine	tuning	issue	is	an	expression	of	our	ignorance	
about	the	high	scale!	
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Ø  FT	argument:			

	Since	we	don’t	know	them,	we	expect	them	to	be	of	order	mZ
2	

Ø  But,	imagine	they	are	derived	from	some	fundamental	theory	and	come	
out	to	be	very	large,	say	of	order	100	TeV,	but	s=ll	obey	EWSB	

	
	
	
Ø Natural	expecta=on	gone	wrong:	
	
	
	

m2
Hu,d

: tree + 1L corrs

m2
Hu

, m2
Hu

and µ2
need to be all fine-tuned to give M2

Z

May 23, 2013

GUT conditions for pure higgsino neutralino region

• GUT relation between m2
Hu

(MGUT) (where MGUT is the GUT scale) and soft stop masses and
trilinear coupling.

This relation is due to the minimization condition

µ2 = −1

2
M2

Z +
m2

Hd
(MSUSY)− tan2βm2

Hu
(MSUSY)

tan2β − 1
(1)

where MSUSY is the SUSY scale. If µ ∼ 1 TeV, as it is required in pure higgsino region in order to get
correct relic density, and tanβ is not too low, one can write

µ2 ∼ −m2
Hu

(MSUSY) ∼ (1 TeV)2 (2)

Thus this region is highly fine-tuned1. Solving one loop RGE for mHu assuming intermediate (or low)
tanβ one gets2

m2
Hu

(MSUSY) =
(
1− 1

2
y
)
m2

Hu
(MGUT)−

1

2
y
[
m2

Q3
(MGUT) +m2

tR(MGUT)
]
+

−1

2
y(1− y)

[
A2

t (MGUT)− 2At(MGUT)
3∑

i=1

ξ̂iMi(MGUT)
]

(3)

+
3∑

i=1

3∑

j≥i

{
δij ηHu,i +

1

2
y
[
− (η̂ij + δij η̂ji) + (2− δij)yξ̂iξ̂j

]}
Mi(MGUT)Mj(MGUT)−DHu

with all the coefficients defined in the appendix. Especially 0 < y < 1.
In the considered chain GUT scale values ofmHu , soft squark masses and At are large in comparision

with mHu(MSUSY), so one can put ≃ 0 at the LHS of above equation. Taking only leading terms one
can then write

m2
Hu

(MGUT) ≃ 0.5
[
m2

Q3
(MGUT) +m2

tR(MGUT)
]
+ (0.13÷ 0.18)A2

t (MGUT) (4)

which corresponds to y = 2
3 . Above equation works to a good approximation for the whole

range of tanβ for points in the chain. The uncertainty is hidden in the coefficient in ∼ A2
t,GUT

term. This uncertainty is due to omission of the other terms in the eq. (4) and higher loop corrections.
The accuracy of fit is shown in Fig. 1.

Above equation can be further simplified noticing different relations between squark mass parame-
ters and trilinear coupling, as will be shown below.

1According to the definition given by Baer, Barger et al e.g. in hep-ph/1212.2655.
2In fact 1-loop RGE for mHu does not depend on bottom Yb and tau Yτ Yukawa couplings. Dependence on bottom

and tau Yukawa couplings is small, since it is only through other running parameters appearing in RGE for mHu , that
themselves depend on Yb and/or Yτ . Hence presented solution is valid to a good approximation also for large tanβ.

1

Would	one	s=ll	claim	high	FT	in	the	theory?					 	NO!	

Low	FT	does	not	have	to	necessarily	imply	low	MSUSY.	

Usual	defini=ons	measure	sensi=vity	to	GUT	scale	values,	and	not	FT.	

mt

mb
⇠ mc

ms
' 14 ) mt ' 60GeV



Neutralino	dark	ma*er	

•  Simple	unified	SUSY	 •  Phenomenological	SUSY	
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(a) (b)

Figure 7: (a) Marginalized 2D posterior distribution for the CMSSM with µ > 0 in the (m�, ⇥
SI
p ) plane. The red

solid line shows the 90% C.L. upper bound as given by LUX, here included in the likelihood function. The gray
dot-dashed line shows the 2012 XENON100 90% C.L. bound and the blue dashed line shows projected sensitivity for
2017 at XENON1T. (b) Marginalized 2D posterior distribution for the CMSSM with µ > 0 in the (m�, ⇥v) plane.
The blue dashed line shows the expected sensitivity of CTA under the assumption of a NFW halo profile. The blue
dot-dashed line shows the corresponding sensitivity with Einasto profile. The dotted gray line shows the projected
sensitivity of the CTA expansion considered in [73].

expected reach as a blue dashed line in Figs. 6(a) and 6(b). Approximately 50% of the points in
the A-resonance region fall within the expected sensitivity.

3.2 Prospects for dark matter detection

In Fig. 7(a) we show the 2D posterior distribution in the (m�, ⇥SI
p ) plane for µ > 0. The di�erent

regions are well separated and can be identified from left to right as the stau-coannihilation, A-
resonance and⇥ 1TeV higgsino regions. We show the current LUX 90% C.L. exclusion as a red solid
line, the previous XENON100 [45] bound as a gray dot-dashed line, and the projected sensitivity
of XENON-1T as a blue dashed line. The bino-like neutralino typical of the stau-coannihilation
and A-resonance regions has a suppressed coupling to the nucleus, so that both regions lie well
below the current LUX bound and it is very unlikely they will be tested, even with the improved
sensitivity of XENON-1T. In contrast, the ⇥ 1TeV higgsino region lies almost entirely within the
projected XENON-1T sensitivity. The entire 68% and nearly all of the 95% credibility region have
the potential to be probed in the next few years, encompassing about 70% of the points in the
scan. This makes dark matter direct detection searches the predominant tool for exploration of the
CMSSM.

In the CMSSM the largest cross section values, ⇥SI
p ⇥> 10�8 pb, are obtained in the focus point

region. One can see the beginning of the horizontal branch joining the higgsino and focus point
regions, at m� ⇤ 0.7 � 0.8TeV. The e�ect of the LUX limit in the likelihood is visible, as the
credibility region is cut o� rapidly after crossing the 90% C.L. bound, shown in red. In contrast
to [11], this causes the focus point region to be disfavored by the scan. In the µ < 0 scenario

14
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If	~1	TeV	higgsino	DM	is	confirmed	by	searches	
then:	
	
Ø 	Confirma=on	of	SUSY	predic=ons	
Ø 	Confirma=on	of	basic	cosmological	paradigm		
	

(…or	one	of	the	other	basic	LSP	as	DM	candidates)	

•  freeze-out	from	thermal	equilibrium	
(assumes	high	TR)	

•  No	addi=onal	contribu=ons	to	
density	

•  No	dilu=ons,	etc.	
•  Single	component	DM	
•  …	Dew,	et	al.	(2014)	

Is	~1	TeV	mass	of	higgsino	DM	robust?	
 0
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Low	TR	aser	infla=on	
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LR,	Trojanowski,		
Turzyński,	1406.0012	Rehea=ng	aser	cosmic	infla=on	

•  If	assume	instantaneous	rehea=ng	

•  If	assume	non-instanteneous	rehea=ng	
	

	coupled	Boltzmann	equa=ons:		

Reheating period in the evolution of the Universe

At the end of a period of cosmological inflation:

T ⇤ 0

large potential energy of the inflaton field ⌅ is transformed into the
kinetic energy of recreated particles

then T ⌅ (reheating)
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yield	Y=n/s	

Reheating period – evolution of the total supersymmetric yield
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Here	neglect	direct	inflaton	decays	to	DM	

DM	produc=on:	
•  freeze-out	happens	at	somewhat	

	higher	temperature	than	in	the	
	standard	high	TR	case		

but	
•  Subsequently,	un=l	the	end	of	

rehea=ng,	DM	popula=on	is	quite	
efficiently	depleted	

Reheating period – evolution of the total supersymmetric yield

Y = n
s with n =

�
i ni

T&��⇥ n�

Y
 =

 n
 /

 s

x = mχ / T

freeze-out

(low TR)

freeze-out
(high TR)

n
n

χ

10-15
 
 
 
 

10-10
 
 
 
 

10-5
 
 
 
 
1

10-4  10-2  1  102  104  106  

dilution due to
fast expansion

RD epoch
(low TR)

n ≈ neq

reheating
period

(low TR)

low TR

high TR

Dark matter particles freeze-out in
the reheating period:

freeze-out occurs at a slightly
higher temperatures than in
the standard case

after freeze-out, but before
the end of the reheating
period, the DM particles are
e⇥ectively diluted away

��h2(low TR) �
�

TR
Tnew
fo

⇥3 � Told
fo

Tnew
fo

⇥
��h2(high TR)

G. F. Giudice, E. W. Kolb, A. Riotto
hep-ph/0005123

��h2(low TR ) < ��h2(high TR )

(w/o inflaton decays to DM)

4/12 ”Supersymmetric dark matter with low reheating temperature of the Universe”

Y 
= 

n 
/ s

x = mχ / T

Roszkowski, Trojanowski, Turzynski (2014)

freeze-out
(low TR)

freeze-out
(high TR)

n
n
χ

10-15
 
 
 
 

10-10
 
 
 
 

10-5
 
 
 
 
1

10-4  10-2  1  102  104  106  

dilution due to
fast expansion

RD epoch
(low TR)

n ≈ neq

reheating
period

(low TR)

low TR

high TR

Figure 1: Total yield Y = n/s as a function of x = mχ/T in scenarios with low and high reheating temperature.
A solid (dotted) curve corresponds to the low (high) TR scenario. The beginning of the RD epoch for the low
TR scenario is denoted by vertical dotted blue line.

occurs slightly earlier, with typical xfo = 10− 25, than for high TR where it typically lies between 20 and 25. If
the decay of the inflaton stopped at Tfo, the DM abundance would be higher in the low TR scenario. However,
a continuous entropy production keeps diluting it until the reheating temperature is reached. The end result is
an overall reduction,5 of the DM abundance relative to high TR scenarios [4].

Assuming again (4), an approximate DM abundance resulting from the set of Boltzmann equations (8) reads
[4]

ΩDMh2 =
5
√
5

8π
√
2

ΩRh2

T0 MPl

g1/2∗ (TR)

g∗(Tfo)

T 3
R

mχ (αs x
−4
fo + 4

5
αpx

−5
fo )

GeV−2, (11)

xfo = ln
[ 3√

5π5/2

g g1/2∗ (TR)

g∗(Tfo)

MPl T 2
R

m3
χ

(αs x
5/2
fo +

5

4
αp x

3/2
fo )

]
. (12)

Finally we obtain

ΩDMh2 ∼
1

⟨σv⟩fo
T 3
R

m3
χ

, (13)

where, similarly to (7), the subscript “fo” corresponds to the value at Tfo given by (12), which is slightly larger
than the value of the freeze-out temperature obtained in the high TR scenario. Of course, in a full MSSM
calculation one has to replace ⟨σv⟩fo with ⟨σv⟩eff,fo given by (2).

5In principle one might expect a slight increase of the DM relic density, if freeze-out occurred just at the end of reheating period,
since then the dilution period would not be present. However, we found that the maximum increase is at best a few percent, i.e.,
of the order of the error associated with this type of calculations.
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Figure 2: A relationship between the relic density of DM ΩDMh2 in low TR scenarios and ΩDMh2(high TR) in
the standard high TR case for several values of mχ/TR.

2.3 A comparison of the scenarios with a high and a low reheating temperatures

As shown in eqs. (7) and (13), the DM relic abundance in scenarios with high and low TR is determined by the
value of ⟨σv⟩eff at the respective freeze-out temperatures. Since the freeze-out temperatures are very similar in
both cases, the following approximate relation holds:

ΩDMh2(high TR) ≃
(
mχ

TR

)3 (
Tfo

mχ

)3

ΩDMh2 , (14)

with (Tfo/mχ)3 factored out since its value changes only in a narrow range. From (14) it immediately follows
that in scenarios with low reheating temperatures, TR < Tfo, the DM relic abundance is suppressed with respect
to scenarios with high reheating temperatures. Since the latter case has been extensively studied and the DM
relic density can be easily calculated for a given WIMP type and mass, it is useful to rephrase (14) in the
following way. If ΩDMh2 is fixed at the observed value of 0.12, a phenomenologically acceptable scenario is
the one where the standard prediction for ΩDMh2(high TR) is larger than the observed value by a factor of
(mχ/TR)3(Tfo/mχ)3. In other words, SUSY configurations which would be otherwise rejected as giving too
large relic density become acceptable at low reheating temperatures. We shall explore this effect in Section 3
when scanning a parameter space of some specific SUSY models below.

Although in practice eq. (14) is very useful for understanding the TR-dependence of ΩDMh2, it may also
be slightly misleading, as it does not show a certain degree of correlation between Tfo and ΩDMh2(high TR).
This correlation is easy to understand, since a large ΩDMh2(high TR) results from a low (co)annihilation cross-
section which, according to eqs. (6) and (12), drives Tfo to higher values. An account of this effect is shown
in Figure 2, which shows the relation between ΩDMh2(high TR) and the true relic density ΩDMh2 at some low
TR for different values of mχ/TR. Obviously, in the high TR limit ΩDMh2 approaches ΩDMh2(high TR), while
for values of mχ/TR of 20 and more we observe a stronger Tfo dependence, as predicted by (14), which results
in a slower increase of ΩDMh2 with growing ΩDMh2(high TR) and fixed mχ/TR. Of course, if the LOSP is the
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Figure 3: Contours (black dotted) of constant ΩDMh2 = 0.12 for different values of the reheating temperature
TR in the MSSM in the (mDM,ΩDMh2(high TR) ) plane. The solid black horizontal line corresponds to the high
TR limit. Green squares correspond to the bino DM region, while red triangles (blue diamonds) to the higgsino
(wino) DM case.

Wino DM. Wino relic density is quite sensitive to a so-called Sommerfeld enhancement (SE) of the anni-
hilation cross-section due to attractive Yukawa potentials induced by the electroweak gauge bosons [42] (see
also, e.g., [43] for a recent and exhaustive discussion; we use enhancement factors from that reference in our
numerical analysis). Incidentally, the SE is particularly important in the ∼ 2− 3 TeV wino mass range, where
the correct ΩW̃h2 can be obtained for high TR. In our scan, the SE is responsible for a visible vertical broadening
of the wino region around 2.5 TeV.

When considering the wino as a DM candidate, one has to take into account that the SE is associated
with enhanced rates of present-day wino annihilations giving rise to diffuse gamma ray background; therefore,
stringent indirect detection bounds apply in this case. It has been shown [44, 45, 46] that the enhancement of
indirect detection rates for mW̃ ! 3.5 TeV is in conflict with current observational limits. On the other hand,
wino DM with mass larger than 3.5 TeV generically has too large relic abundance, which excludes it as a DM
candidate over the whole mass range in the standard high TR scenario.

For each of the three neutralino compositions discussed above, a suppression of the DM relic abundance at
low TR leads to interesting, and often dramatic, consequences, allowing vast regions of the parameters space
regarded as phenomenologically disallowed in the high TR limit. In the following we shall present a more detailed
analysis of the parameter space of the MSSM with low TR.

Scenarios with a low reheating temperature allow choices of the MSSM parameters which at high TR would
lead to too small DM annihilation rates and, as a consequence, too large relic density. Since small annihilation
rates are usually associated with small direct detection rates, it is interesting to analyze the effect of the assumed
low reheating temperature. We shall discuss here both the most recent constraints from the LUX experiment
[36], as well as from expected future reach of the one-tonne extension of the Xenon experiment (Xenon1T) [47].

In Figure 4 we show – for fixed values of TR – the 2σ credible regions in the (mχ,σSI
p ) plane for the p10MSSM
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•  mul=-TeV	higgsino	DM	
allowed	
	à	TR	~	100	GeV!	

	
•  wino	DM	also	again	
allowed	over	wider	range	
	à	TR	~	100	–	200	GeV	

DM candidate, the phenomenologically relevant values of ΩDMh2 belong to a narrow observed range. However,
we shall see in Section 5 that for gravitino DM produced in LOSP decays even larger values of the LOSP relic
density will become allowed.

3 Neutralino dark matter with low reheating temperatures

We will now apply the formalism presented in Section 2 to the MSSM with ten free parameters, to the CMSSM,
and to the Next-to-Minimal Supersymmetric Standard Model (NMSSM) with a singlino-dominated DM.

3.1 The MSSM

In this subsection we will analyze the scenario with low reheating temperatures of the Universe in the context
of the MSSM. Since a study of a completely general MSSM would be unmanageable, nor for that matter even
necessary, we select a 10-parameter subset of the MSSM (p10MSSM) which exhibits all the features of the
general model which are relevant for our discussion. The free parameters of the model and their ranges are
given in Table 1. Our choice follows that of [26] (see discussion therein), except that we keep both the wino
mass M2 and the bino mass M1 free in order to allow each of them to be DM. As we will see, the choice of ten
free parameters will allow various accidental mass degeneracies which can contribute to coannihilations. Also,
the ranges of parameters have been extended to obtain a wide range of ΩDMh2(high TR) with mDM reaching
up to 5 TeV.

Parameter Range

bino mass 0.1 < M1 < 5
wino mass 0.1 < M2 < 6
gluino mass 0.7 < M3 < 10

stop trilinear coupling −12 < At < 12
stau trilinear coupling −12 < Aτ < 12

sbottom trilinear coupling Ab = −0.5
pseudoscalar mass 0.2 < mA < 10

µ parameter 0.1 < µ < 6
3rd gen. soft squark mass 0.1 < mQ̃3

< 15
3rd gen. soft slepton mass 0.1 < mL̃3

< 15
1st/2nd gen. soft squark mass mQ̃1,2

= M1 + 100 GeV

1st/2nd gen. soft slepton mass mL̃1,2
= mQ̃3

+ 1 TeV

ratio of Higgs doublet VEVs 2 < tanβ < 62

Nuisance parameter Central value, error

Bottom mass mb(mb)MS(GeV) (4.18, 0.03) [25]
Top pole mass mt(GeV) (173.5, 1.0) [25]

Table 1: The parameters of the p10MSSM and their ranges used in our scan. All masses and trilinear couplings
are given in TeV, unless indicated otherwise. All the parameters of the model are given at the SUSY breaking
scale.

We scan the parameter space of p10MSSM following the Bayesian approach. The numerical analysis was
performed using the BayesFITS package which engages Multinest [27] for sampling the parameter space of
the model. Supersymmetric mass spectra were calculated with SOFTSUSY-3.4.0 [28], while B-physics related
quantities with SuperIso v3.3 [29]. MicrOMEGAs v3.6.7 [30] was used to obtain ΩDMh2(high TR) and DM-
proton spin-independent direct detection cross section σSI

p .
The constraints imposed in scans are listed in Table 2. The LHC limits for supersymmetric particle masses

were implemented following the methodology described in [26, 37]. The DM relic density for low TR was
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Figure 4: Direct detection σSI
p cross section as a function of mχ1

in the p10MSSM 2σ credible regions for
several fixed values of the reheating temperature. The solid (dashed) black lines correspond to LUX (projected
Xenon1T) limit on σSI

p . Color coding as in Figure 3.

scans with the DM density constraint included. In the case of high reheating temperature (upper left panel)
most points correspond to mχ ! 1.5 TeV: these are either bino- or higgsino-like neutralinos. Scenarios in which
the neutralino is the bino with a few per cent higgsino admixture are typically characterised by enhanced σSI

p ;
such points occupy the upper part of the bino DM (green) region and will be accessible to Xenon1T. An almost
pure bino neutralino, instead, can have much lower direct detection cross-section and it often remains beyond
the reach of current and future experiments. In the case of higgsino DM, a good fraction of points lie within
the projected Xenon1T sensitivity. As we have discussed in Section 3.1, for higher mχ one needs specific mass
patterns to obtain the correct relic density; as these are fine-tuned cases, one obtains fewer points for mχ " 1.5
TeV than for lower DM mass values. The wino, which can have the correct relic density for mW̃ ∼ 2− 3 TeV,
is not shown in the plot, since it is excluded by the indirect DM searches in this mass range [44, 45, 46].

As expected from Figure 3, for TR = 100 GeV (upper right panel) the results in the low mχ region are
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in the p10MSSM 2σ credible regions for
several fixed values of the reheating temperature. The solid (dashed) black lines correspond to LUX (projected
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p . Color coding as in Figure 3.

scans with the DM density constraint included. In the case of high reheating temperature (upper left panel)
most points correspond to mχ ! 1.5 TeV: these are either bino- or higgsino-like neutralinos. Scenarios in which
the neutralino is the bino with a few per cent higgsino admixture are typically characterised by enhanced σSI

p ;
such points occupy the upper part of the bino DM (green) region and will be accessible to Xenon1T. An almost
pure bino neutralino, instead, can have much lower direct detection cross-section and it often remains beyond
the reach of current and future experiments. In the case of higgsino DM, a good fraction of points lie within
the projected Xenon1T sensitivity. As we have discussed in Section 3.1, for higher mχ one needs specific mass
patterns to obtain the correct relic density; as these are fine-tuned cases, one obtains fewer points for mχ " 1.5
TeV than for lower DM mass values. The wino, which can have the correct relic density for mW̃ ∼ 2− 3 TeV,
is not shown in the plot, since it is excluded by the indirect DM searches in this mass range [44, 45, 46].

As expected from Figure 3, for TR = 100 GeV (upper right panel) the results in the low mχ region are
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Figure 9: Contours of constant Ωχh2 = 0.12 in the (mχ, TR) plane for different values of the dimensionless

quantity η = b
(
100TeV/mφ

)
for higgsino (left panel) and wino (right panel) DM. Solid black (dashed red,

dot-dashed green, dotted blue) lines correspond respectively to η = 10−1 (10−6, 10−7, 10−8). In the wino DM
case we take indirect detection limits following [46]. For the reheating temperatures above thin dashed black
lines the freeze-out of the DM particles occurs after the reheating period (i.e. in the RD epoch). The limit
at ∼ 800 GeV comes from antiprotons and the one around 1.8 TeV from the absence of a γ-ray line feature
towards the Galactic Center.

where b describes the average number of DM particles produced per inflaton decay described by the decay
constant Γφ and ρφ denotes the inflaton energy density.

We present our results in Figure 9 in the (mχ, TR) plane in terms of the dimensionless quantity η = b · (100TeV/mφ)
for higgsino (left panel) and wino (right panel) DM.

The relic density of DM in this case is a sum of the thermal and the non-thermal components. The thermal
production with a low reheating temperature has been studied in Section 2 and shown to be an increasing
function of TR. On the other hand, the magnitude of the non-thermal component may depend, for fixed η and
mχ, on the reheating temperature in a non-monotonic way, as discussed in detail in [7]. When TR is sufficiently
low, non-thermal production leads to Ωχ ∼ TR, while for larger reheating temperature DM relic density goes
down with increasing TR. As a consequence, each curve corresponding to fixed relic density Ωχh2 = 0.12 and
fixed η in Figure 9 is C-shaped. For the upper branch of each curve, corresponding to larger values of TR, the
correct relic density is obtained for such values of mχ that freeze-out occurs only slightly earlier than the end
of the reheating period.7 As mχ increases required values of the TR become larger and finally reach the level
at which freeze-out occurs after the reheating period, i.e., in the RD epoch, and therefore direct and cascade
decays of the inflaton field play no role in determining Ωχ.

The additional, non-thermal contribution to the DM relic abundance can help reconcile with the measured
value these regions of the MSSM parameter space for which Ωχh2 is otherwise too low even at high TR. Examples
of such cases include the higgsino with mass below 1 TeV or wino with mass below 2 TeV, shown in Figure 9.
For sufficiently large values of η, one can even generate too much DM from inflaton decays; this upper bound
on η can be translated into a lower bound on the inflaton mass for which the direct production is negligible
even for a branching ratio BR(φ → superpartners) ∼ O(1). In particular, for η < 10−9 we obtain no significant

7Note that this happens at temperatures somewhat lower than TR, as the reheating temperature does not mark the end of the
reheating period.
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case we take indirect detection limits following [46]. For the reheating temperatures above thin dashed black
lines the freeze-out of the DM particles occurs after the reheating period (i.e. in the RD epoch). The limit
at ∼ 800 GeV comes from antiprotons and the one around 1.8 TeV from the absence of a γ-ray line feature
towards the Galactic Center.

where b describes the average number of DM particles produced per inflaton decay described by the decay
constant Γφ and ρφ denotes the inflaton energy density.

We present our results in Figure 9 in the (mχ, TR) plane in terms of the dimensionless quantity η = b · (100TeV/mφ)
for higgsino (left panel) and wino (right panel) DM.

The relic density of DM in this case is a sum of the thermal and the non-thermal components. The thermal
production with a low reheating temperature has been studied in Section 2 and shown to be an increasing
function of TR. On the other hand, the magnitude of the non-thermal component may depend, for fixed η and
mχ, on the reheating temperature in a non-monotonic way, as discussed in detail in [7]. When TR is sufficiently
low, non-thermal production leads to Ωχ ∼ TR, while for larger reheating temperature DM relic density goes
down with increasing TR. As a consequence, each curve corresponding to fixed relic density Ωχh2 = 0.12 and
fixed η in Figure 9 is C-shaped. For the upper branch of each curve, corresponding to larger values of TR, the
correct relic density is obtained for such values of mχ that freeze-out occurs only slightly earlier than the end
of the reheating period.7 As mχ increases required values of the TR become larger and finally reach the level
at which freeze-out occurs after the reheating period, i.e., in the RD epoch, and therefore direct and cascade
decays of the inflaton field play no role in determining Ωχ.

The additional, non-thermal contribution to the DM relic abundance can help reconcile with the measured
value these regions of the MSSM parameter space for which Ωχh2 is otherwise too low even at high TR. Examples
of such cases include the higgsino with mass below 1 TeV or wino with mass below 2 TeV, shown in Figure 9.
For sufficiently large values of η, one can even generate too much DM from inflaton decays; this upper bound
on η can be translated into a lower bound on the inflaton mass for which the direct production is negligible
even for a branching ratio BR(φ → superpartners) ∼ O(1). In particular, for η < 10−9 we obtain no significant

7Note that this happens at temperatures somewhat lower than TR, as the reheating temperature does not mark the end of the
reheating period.
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other	DM	relics	at	low	
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•  wino	
•  gravi=no	
•  axino	
Ø  Ranges	of	``usual”	solu=ons	can	get	

significantly	relaxed.		
Ø  Interes=ng	bounds	arise.	
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Figure 10: Contours of constant ΩG̃h
2 = 0.12 for different values of the reheating temperature TR and for

mG̃ = 10 GeV and 1 TeV in the p10MSSM with BBN constraints imposed. Color coding as in Figure 3.

affect its successful predictions; because of the lifetime-mass dependence, this places a stringent lower bound on
the LOSP mass. While at low TR one can suppress the LOSP number density and alleviate BBN constraints,
with a small mG̃/mLOSP in (18) this would lead to too small gravitino abundance.

On the other hand, it follows from Figure 10 that a lower bound on mLOSP can be translated into a lower
bound on TR. We show such bounds in Figure 11 as a function of the gravitino mass with and without efficient
direct and cascade decays of the inflaton field to bino. As we argued in Section 3.1, the upper boundary of the
points in Figure 10 corresponds to the maximum value of the stau mass, so the lower limits on TR with bino
LOSP are presented for three maximum values of the stau mass: 5, 10 and 15 TeV.

A qualitatively different picture emerges when mG̃ ! 100 GeV. The LOSP lifetime is then so large that
the BBN bounds can only be evaded when Bh is small and mLOSP ! 1 TeV with the number density reduced
because of low TR. This is, however, only possible for the sneutrino and, very rarely, for the stau LOSP [70, 72],
as presented in the right panel of Figure 10 for mG̃ = 1 TeV.10 Hence also for mG̃ ! 100 GeV we find a lower
bound TR ! 150 GeV. This is true if direct and cascade decays of the inflaton field to the LOSP can be neglected;
otherwise, the lower limit on TR becomes less severe, similarly to the bino LOSP case.

If one assumes gaugino mass unification at the GUT scale, then the lower limit on the chargino mass from
collider searches, mχ±

1

> 94 GeV [25], can be translated into a lower limit on the lightest neutralino mass

mχ > 46 GeV. This in turns implies in our p10MSSM scan mG̃ ! 0.1 MeV, where we assume soft scalar masses
not to be greater than ∼ 15 TeV and TR low enough so that the gravitino is produced only in NTP. For much
lighter gravitinos, in the keV mass range, the correct abundance can be obtained by thermal production for
reheating temperature even of the order of a few hundred GeV (see, e.g., [73]).

It is important to note that the additional contribution to the LOSP relic density resulting from direct and/or
cascade decays of the inflaton allows one to consider lower values of the reheating temperature in gravitino DM
scenario. In such a case, the lower limit on TR becomes less severe, as it is illustrated in the right panel of
Figure 11 for the bino LOSP; the same is true for the slepton LOSP.

10In our case the stau LOSP scenario is only slightly constrained by the possibility of forming bound states with nuclei [64, 65,
66, 67] due to a relatively low stau lifetime; for the same reason CMB constraint [68, 69, 70] plays no role here, either. A recent
analysis of a scenario with gravitino DM and stau LOSP in the context of the LHC searches can be found in [71].
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Figure 5: Left panel: the reheating temperature range in the wino DM scenario that gives the correct relic
density for mW̃ > 3.5 TeV where indirect detection limits are not violated. The results with (without) the
Sommerfeld effect are shown as dark blue solid diamonds (light blue empty squares). Right panel: the 2σ
credible region of the p10MSSM for TR = 150 GeV in the (mχ,σSI

p ) plane with the Sommerfeld effect included
in calculating the relic density. In the case of wino DM, we use pink (blue) color to distinguish points which are
excluded (not excluded) by the requirement mW̃ > 3.5 TeV imposed by indirect detection searches. The solid
(dashed) black line corresponds to the LUX (a projected Xenon1T) limit on σSI

p . Remaining color coding as in
Figure 3.

virtually the same as for high TR. However, an important difference appears at mχ ∼ 3 − 4 TeV where one
can obtain the desired value Ωχh2 ≃ 0.12 for the higgsino. In this region, the direct detection cross section σSI

p

is high enough to allow testing the scenario by the Xenon1T experiment. We also note that, though Figure 3
suggests that for TR = 100 GeV one can have a higgsino-like DM with any mass in the scanned range, higgsino
mass between 2 TeV and 2.5 TeV are disfavored because of Ωχh2 being often too large. As a result one observes
a reduced number of higgsino-like points in this mass range.

For TR = 50 GeV (lower left panel), the low-TR relic density suppression is already effective for mχ ∼ 1 TeV
and it is very strong for larger DM mass, making the higgsino strongly disfavoured. We can see just a few∼ 1 TeV
higgsino-like neutralinos characterised by Ωχh2(high TR) ∼ 0.2− 0.4. On the other hand, for mχ > 1 TeV one
can now easily obtain the correct relic density for a nearly pure bino without requiring any specific relation
among soft supersymmetry (SUSY) breaking parameters. The region with mχ < 1 TeV now becomes less
appealing, since it still requires some specific mass pattern to suppress the relic density, and we find only a
few points there. As can be seen in Figure 4, only a fraction of the 2σ credible region lies above the Xenon1T
expected reach in the range of ∼ 2− 3 TeV mass.

For TR = 10 GeV (lower right panel), only points corresponding to mχ < 1.5 TeV are present in our scan.
This feature does not have a physical origin, but it merely results from a finite, albeit generous, ranges of the
superpartner masses which we have allowed; this limit can be seen in Figure 3. Since low-TR suppression is now
very effective in the entire DM mass range, these points typically have large ΩDMh2(high TR), hence low σSI

p

and the experimental verification of such scenarios poses a challenge.
With the values of TR discussed so far we have not seen any acceptable points corresponding to wino DM.

This can be easily understood by examining Figure 3 which shows that the wino DM with mχ
>
∼ 3.5 TeV has

the correct relic density for TR only between 100 and 200 GeV. The left panel of Figure 5 shows the reheating
temperature for the points in the 2σ credible region in the p10MSSM corresponding to the wino with the correct
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TR in the MSSM in the (mDM,ΩDMh2(high TR) ) plane. The solid black horizontal line corresponds to the high
TR limit. Green squares correspond to the bino DM region, while red triangles (blue diamonds) to the higgsino
(wino) DM case.

Wino DM. Wino relic density is quite sensitive to a so-called Sommerfeld enhancement (SE) of the anni-
hilation cross-section due to attractive Yukawa potentials induced by the electroweak gauge bosons [42] (see
also, e.g., [43] for a recent and exhaustive discussion; we use enhancement factors from that reference in our
numerical analysis). Incidentally, the SE is particularly important in the ∼ 2− 3 TeV wino mass range, where
the correct ΩW̃h2 can be obtained for high TR. In our scan, the SE is responsible for a visible vertical broadening
of the wino region around 2.5 TeV.

When considering the wino as a DM candidate, one has to take into account that the SE is associated
with enhanced rates of present-day wino annihilations giving rise to diffuse gamma ray background; therefore,
stringent indirect detection bounds apply in this case. It has been shown [44, 45, 46] that the enhancement of
indirect detection rates for mW̃ ! 3.5 TeV is in conflict with current observational limits. On the other hand,
wino DM with mass larger than 3.5 TeV generically has too large relic abundance, which excludes it as a DM
candidate over the whole mass range in the standard high TR scenario.

For each of the three neutralino compositions discussed above, a suppression of the DM relic abundance at
low TR leads to interesting, and often dramatic, consequences, allowing vast regions of the parameters space
regarded as phenomenologically disallowed in the high TR limit. In the following we shall present a more detailed
analysis of the parameter space of the MSSM with low TR.

Scenarios with a low reheating temperature allow choices of the MSSM parameters which at high TR would
lead to too small DM annihilation rates and, as a consequence, too large relic density. Since small annihilation
rates are usually associated with small direct detection rates, it is interesting to analyze the effect of the assumed
low reheating temperature. We shall discuss here both the most recent constraints from the LUX experiment
[36], as well as from expected future reach of the one-tonne extension of the Xenon experiment (Xenon1T) [47].

In Figure 4 we show – for fixed values of TR – the 2σ credible regions in the (mχ,σSI
p ) plane for the p10MSSM
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Figure 4: Results of the numerical scan for bino LOSP projected onto the (mã, TR) plane for the KSVZ axino
with fa = 5 ⇥ 109 (left panel) and fa = 1 ⇥ 1011 (right panel). The area bounded by thick solid (partially
shaded) lines denotes acceptable regions for which MSSM parameters consistent with all the bounds listed in
Appendix D, including DM energy density, could be found. Inside these regions, we marked in red the regions
excluded by axino dark matter being too warm (WDM constraints). Dashed vertical lines denote the lower
bounds on the axino mass coming from WDM constraints for TP only. Regions excluded by BBN constraints
are either dashed (CaY Y = 8/3) or marked with a dash-dotted lines (CaY Y =0).

LOSP mass. More precisely, the largest value of mã is obtained for TR ⇠ O(102 GeV), corresponding to the
freeze-out temperature of the bino LOSP. This maximum mã corresponds to the largest available values of the
bino LOSP mass and the largest available slepton masses (cf. Table 1). These two features have the same e↵ect:
one expects a larger relic density for heavy particles and there is also a big suppression of the annihilation
cross-section due to large masses of the intermediate particles. We show these aspects of our results in the left
panel of Fig. 5, where we show how the allowed region changes with di↵erent assumptions about the largest
possible bino and slepton masses.

Furthermore, we see a decrease of the maximum allowed mã for TR falling below O(102 GeV). This can
be understood taking into account that during reheating there is entropy production due to inflaton decays.
As a consequence, the LOSP relic density becomes suppressed, if TR falls significantly below the freeze-out
temperature. For a given value of TR the suppression is stronger for binos with larger masses. This confines
the allowed region to smaller values of bino mass and, as mã < m eB , to smaller values of axino mass.

We also note that, for TR
<⇠ 104 GeV the calculations for TP of axinos cannot be fully trusted, as the SU(3)c

gauge coupling becomes large (see [13] and references therein). This poses no problem for TR
<⇠ 102 GeV, as

NTP of axinos is then dominant, but in the window 102 GeV <⇠ TR
<⇠ 104 GeV the upper bounds on mã or TR

should be treated as approximate. Changing fã mostly leads to a shift of the allowed region in the (mã, TR)
plane, as shown in the right panel of Fig. 4.

The di↵erence between regions of the (mã, TR) plane allowed in the KSVZ and DFSZ models is presented in
the right panel of Fig. 5. For large values of TR

>⇠ 105 GeV it can be traced back to the fact that ⌦TP
ã h2 scales

as mãTR and mã for the KSVZ and DSFZ models, respectively [23, 24]. For smaller values of TR the bulk
of the allowed region is very similar for both models. For a fixed mã

>⇠ 1MeV, there is still a small di↵erence
between the largest allowed TR corresponding to the TP dominance. This results from di↵erent sources of
thermal contributions to axino DM from decays. In KSVZ models the most important decays are those of
colored particles; these are loop-suppressed with respect to decays of neutralinos with a non-negligible higgsino

7

100

101

102

103

104

105

106

107

108

10-7 10-5 10-3 10-1 101 103

T
R

 (
G

e
V

)

ma~ (GeV)

higgsino LOSP

p10MSSM (95% CL)Ωa~h2 = 0.12

KSVZ

fa = 5 × 10 9
 GeV

fa  = 1 × 10 11
 GeV

BBN excl.
CaYY = 0

WDM
excl.

(TP a~)

too
little DM

too
much DM

100

101

102

103

104

105

106

107

108

10-7 10-5 10-3 10-1 101 103

T
R

 (
G

e
V

)

ma~ (GeV)

wino LOSP

p10MSSM (95% CL)Ωa~h2 = 0.12

KSVZ

fa = 5 × 10 9
 GeV

fa  = 1 × 10 11
 GeV

BBN excl.
CaYY = 0

WDM
excl.

(TP a~)

too
little DM

too
much DM

Figure 6: The same as in Fig. 4, but for higgsino LOSP (left panel) and for wino LOSP (right panel).

production of staus with missing energy [51]. When treating this we calculate the relevant production cross
section with MadGraph5 aMC@NLO [52].

3.3 Direct and cascade decays of the inflaton field

In our analysis so far, we have made an assumption that there are no direct and cascade decays of the inflaton
field to axino DM particles. Here, we would like to study the impact of such decays on the allowed ranges of
axino mass and reheating temperature, following the model-independent approach used in [27, 28].

Our results are presented in Fig. 7 and 8 where we plot the allowed regions for the stau, bino and higgsino
LOSP for di↵erent values of the dimensionless parameter ⌘ = b · (100TeV/m�), where b is an average number
of axino DM particles per inflaton decay and m� is the inflaton mass at the minimum of the potential. As
inflaton decays provide an additional non-thermal component of axino DM (see a recent discussion in the case
of gravitino [31]), the allowed region becomes extended towards smaller values of TR at largest allowed values
of mã. This is because the additional NTP from inflaton decays allows for a smaller contribution to axino DM
density originating from LOSP decays, hence – for a fixed set of the MSSM parameters – for a smaller TR and
a larger suppression of LOSP abundance by entropy production in inflaton decays.

4 Conclusions and outlook

In this paper we have studied the impact of a low reheating temperature TR on thermal and non-thermal
production of axino DM, taking into account the non-instantaneous nature of the reheating process. We also
extended previous studies by analyzing wide ranges of phenomenologically acceptable parameters of the 10-
parameter version of phenomenological MSSM instead of presenting the results for a single typical parameter
choice. Comparing our results with previous works, we found a number of di↵erences in the allowed ranges of
the axino mass mã and the reheating temperature. In particular, depending on the choice of the axion model
and the choice of the MSSM parameters, we showed that BBN constraints can exclude large portions of the
parameter space corresponding mainly to non-thermal production of axino DM relevant for low TR. We also
demonstrated how entropy production during reheating a↵ects the upper limits on the axino mass for a given
range of the MSSM parameters.
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To	take	home:	
Ø Searches for SUSY are still in their early stages 
Ø SUSY Higgs of 125 GeV: 

Ø Msusy ~ few TeV 
Ø DM WIMP is preferably ~1 TeV higgsino 

Ø DM ~1 TeV higgsino case will be sensitive to only DM 
searches (direct + CTA) 

Ø  The most constrained SUSY model – CMSSM – is to be fully probed 
by combination of LHC and DM searches 

Ø  Fine-tuning argument may prove irrelevant 

Ø Multi-TeV higgsino DM allowed but implies TR~ 100 GeV 
Ø Sub-TeV higgsino single DM case can also be OK 

Ø Gravitino DM: limit of TR> 100 GeV 
Ø Axino DM: limit of TR> 100 GeV  (for higgsino or wino NLSP) 
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Complementarity	of		
LHC,	DD	and	CTA	


