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•  Few	years	ago	(pre-LHC)	 •  Now	

BSM	trends	
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Plan	
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Ø Why not just the Standard Model 
Ø BSM: the big hunt and forthcoming experimental 

tests 
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Why	not	just	the	Standard	Model	

In	support:		
§  Simple,	elegant,	renormalizable		
§  Consistent	with	all	collider	data	
	
Against:	
§  Ad	hoc	gauge	group	
§  Over	20	free	parameters	
§  Origin	and	explana@on	of	par@cle	masses?	
§  Why	3	families?	
§  Origin	and	structure	of	flavor	and	CP	X	
§  Strong	CP	problem	
§  Unifica@on	of	fundamental	forces	(+	gravity?)	
§  Gauge	hierarchy	problem	
§  Link	to	quantum	gravity	
§  …	

§  Neutrinos	are	not	massless	
§  Dark	ma^er	in	the	Universe	
§  (g-2)μ	 	 	(?)	
§  Early	Universe	(infla@on,	baryogenesis)	
§  …	

	

theory	
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Quest	for	new	physics	

gluinos,	
squarks,	

composites?	

EWikinos	

WIMP,	axion,…	

Larger	mass	

Weaker	coupling	

Standard		
Model	

LHC	

BHs,…	

Plus	observa@onal	cosmo:	
CMB,	LSS,	BBN,	grav.	
lensing,	UHECRs,	…	

(rare	decays,	g-2,	
EDMs,	0nu	DBD,	
sterile	neutrinos	…)	

Direct	collider	

extra	Higgs	bosons	

Z’s,	W’s	
…	

Indirect		
collider		

(In)direct	
relics	in	space	

DM,	CRs,	GW	
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If	not	just	the	Standard	Model…	

§  Ad	hoc	gauge	group 	 	 	 	 	à	unifica@on	
§  Over	20	free	parameters 	 	 	 	à	unifica@on	
§  Origin	and	explana@on	of	par@cle	masses? 	à	unifica@on	
§  Origin	and	structure	of	flavor	and	CP	X 	 	à	unifica@on	
§  Strong	CP	problem 	 	 	 	 	à	axions	
§  Unifica@on	of	fundamental	forces 	 	 	à	unifica@on	
§  Gauge	hierarchy	problem 	 	 	 	à	SUSY	unif.,	extra	dims,	comp.	Higgs,	relaxion	
§  Link	to	quantum	gravity 	 	 	 	à	SUSY,	sugra,	strings,	…	
§  …	
	
§  Gauge	coupling	unifica@on 	 	 	 	à	SUSY	unifica@on,	…	
§  Neutrinos	are	not	massless 	 	 	 	à	RH	neutrinos,	see-saw	
§  Dark	ma^er	in	the	Universe 	 	 	 	à	SUSY,	axions,	extra	dims,	… 	
§  (g-2)μ	 	 	(?) 	 	 	 	 	 	à	SUSY,	…	
§  Early	Universe	(infla@on,	baryo-genesis)	 	à	SUSY,	extra	dims?,	…	
§  …	

	 Note:	most	of	BSM	``paths”	are	not	mutually	exclusive	



Why	SUSY…	
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IN	FAVOUR:	
Ø  Gauge	coupling		unifica@on	
Ø  Higgs	boson:	mh=125	GeV		

	 	 	(SUSY:	<~	130	GeV)	

Ø  Solu@on	to	the	BIG	hierarchy	problem		
	(keep	MZ/	MGUT		apart)	

Ø …	

Ø  Dark	ma^er	(neutralino,	gravi@no,	axino)	
Ø  Infla@on,	baryo/leptogenesis	
Ø  Superpartners	at	~	TeV	scale	(consistent	

with	LHC	limits,	flavor	and	EW	observables)	

AGAINST	(???):		
Ø MSUSY~	few	TeV	->	too	much	fine	tuning?	

(small	hierarchy	problem)	
Unnatural?	



Main	news	from	the	LHC…	

Ø SM-like	Higgs	par@cle	at	~125	GeV		
	
Ø No	(convincing)	devia@ons		
					from	the	SM	

	
	
	

Ø Stringent	lower	limits		
	on	superpartner	masses	
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SUSY	masses	pushed	to	1	TeV+	scale…	

ICHEP’16,	ATLAS-CONF-2016-052	

ICHEP’16	

Each	independently	implies:	

BR(Bs ! µ+µ�) = 2.8+0.7
�0.6 ⇥ 10�9

Combined	LHCb+CMS	

SM: 3.54 ± 0.27 � 10�9

superIso	v.3.4	

Gluino	decays	to	bb+LSP	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 10	

Gluinos:	highest	SUSY	producCon	cross	secCon	
•  can	give	access	to	other	sparCcles	via	decay	chains	
•  here:	consider	decays	to	two	quarks	and	the	LSP	

Hadronic	search	with	b-jets	
•  ≥4	jets,	≥3	b,	no	lepton	(this	model)	
•  key	variables:	#b-jets,	MET,	meff,	mT,	large-radius	jet	masses			

ATLAS-CONF-2016-052	 Other	results	
•  CMS-SUS-16-014	
•  CMS-SUS-16-015	
•  CMS-SUS-16-016	
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 (13 TeV)-112.9 fbCMS Preliminary

Higgs!ZZ* 
•  Narrow peak over a flat background 

 
•  Signature: two pairs of same flavor, opposite sign, isolated leptons 

–  All production modes targeted ggF, VBF, VH, ttH events 

•  Extraction of signal through fit of m4l 
–  Also uses kinematic discriminant (e.g. MZ1, MZ2, 5 angles from decay chain, matrix 

element) used to enhance the signal purity of different production modes 

•  Dominant systematic uncertainty: luminosity and lepton SF (smaller than statistical  
uncertainty) 

ATLAS-CONF-1206-079 

CMS-PAS-HIG-16-033 

Florencia Canelli - University of Zurich 15 
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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”	

Higgs	boson:	
	
Ø Fundamental	scalar	-->	SUSY	
	
Ø Light	and	SM-like	-->					SUSY	



The	125	GeV	Higgs	boson	and	SUSY	

Higgs	boson	mass	of	125	GeV	came	out	to	lie	in	a	narrow	window	allowed	
by	simplest	SUSY	models	(114.4	to	~132	GeV)	

Higgs mass
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Smoking	gun	of	SUSY?	

…close	to	the	upper	limit:	this	may	
have	strong	implica@ons	for	DM…	
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à	~750	GeV	

Higgs	boson:		
Ø  fundamental	scalar	-->	SUSY	
Ø  light	and	SM-like					-->	SUSY	



The	125	GeV	SM-Like	Higgs	Boson	
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A	blessing	or	a	curse	for	SUSY?	



SUSY:	Constrained	or	Not?	
•  Constrained:	 •  Phenomenological:	
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Low-energy	SUSY	models	with		
grand-unifica@on	rela@ons	among		
gauge	couplings	and	(sou)	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	



The	125	GeV	Higgs	Boson	and	SUSY	
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A	curse…	

125	GeV	Higgs	->		mul@-TeV	SUSY	

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

�m2
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3m4
t
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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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Only	mh~125	GeV	and	CMS	lower	
bounds	on	SUSY	applied	here.	
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Ø  1	loop	correc@on	

16

0

500

1000

1500

2000

2500

0 500 1000 1500 2000 2500 3000 3500 4000

m
1
/
2
(G

eV
)

m0 (GeV)

BayesFITS (2012)

Light Higgs mass mh

CMSSM, µ > 0
with �(g � 2)µ
LHC (5/fb)+mh'125 GeV

mh: 81 - 117 GeV
117 - 119 GeV
119 - 122 GeV
122 - 128 GeV

(a) (b)

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]

�m2
h ⌅ ln
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1� X2

t

12M2
SUSY

⇥
, (18)

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.

In	SUSY	Higgs	mass	is	a	calculated	quan@ty	
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~125	GeV	Higgs	and	unified	SUSY	
u  Take	only	mh~125	GeV	and	lower	limits	

from	direct		SUSY	searches	

	
	

	

L.	Roszkowski,	Epiphany-17,	12	Jan.	'17	 16	

!"#$%&'()*+)'*,'& "-./01&23./3&#455161 (

P<((((((((((((((((((((b*S((((M<((((((((((((((((((((b*S(((((d<(((((((((((((((((((((((((b*S"&
!

'!"#$% "&
"

'!"#$% "&
!

'"&
"

'!"#$%

!"#$9,22($1,M#=,"&&-
6*(7"&#(#%(X%:*'(#1*('$A*'$1%%:(0%(#%("&"'Z@*(d(L%00$V'*(0.*&"+$%0^

2B.H0$Q&"'8(B/(*0."L*:5 2B/H0$Q&"'8(B.(*0."L*:5
2B.8(B/(:*Q*&*+"#*8(
((((((((0$Q&"'(0**0(V%#15

D7$0.8*"<&E&.0#&F,(((-.G<<*.0&%&(#1*(BWb!;C(X"00(,+%X()>B(

AH7%G<*"0&9"G0#<(%&(#1*(#+C(">&#4)$(C4B(%,(#1*(_!IDED)EDI(JWbbB(,+%X()>B

L � e
(mh�125.8 GeV)2

�2+⇥2

~125	GeV	Higgs	mass	implies	
mul@-TeV	scale	for	SUSY	

1302.5956	

(a) (b)

(c) (d)

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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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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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.
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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
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(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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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
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We	do	simultaneous	scan	of	at	least	8	parameters	(4	of	CMSSM	+	4	of	SM)	
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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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Recent	Phys.	Rept.	(1407.0017)	
H.	Baer,	K.-Y.	Choi,	J.E	Kim,	LR		

Xenon-1T	
reach	
(~2018)	

~1	TeV	higgsino	DM:	Excellent	prospects!	

Reach	of	LUX,	
PandaX	
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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 (i.e. it is assumedWIMPs comprise the totality of DM) for the experimental
projections and for all models except RNS and pMSSM.

scale. The scans over parameter space typically range up to weak scale soft terms of 4 TeV
and are subject to a variety of constraints including LHC sparticle search limits and that
⌦TP

�1
h2  0.12. For general projections from a three parameter model involving just electroweak-

inos, see Ref. [56].

3 Spin-independent direct detection

We first examine a grand overview of prospects for spin-independent SUSY WIMP direct de-
tection. In this case, the neutralino-nucleon scattering cross section is dominated by Higgs
and squark exchange diagrams. (Here, most results do not include extensive QCD corrections
so theory predictions should be accepted to within a factor two unless otherwise noted [57].
Since squark mass limits are now rather high from LHC searches, the Higgs exchange h dia-
gram usually dominates the scattering amplitude. The results are presented in Fig. 1 in the
⇠�SI(�, p) vs. m� plane. We leave the factor ⇠ in the y-axis to account for a possible depleted
local abundance of WIMPs. For the experimental projections and for all models except RNS
and pMSSM, it is assumed that ⇠ = 1 (i.e. it is assumed that WIMPs comprise the totality of

7

Baer,	et	al,	arXiv:1609.06735		
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LZ’s Reach 
|  Turning on by 2020 with 

1,000 initial live-days plan 

|  10 tons total, 7 tons active, 
~5.6 ton fiducial mass 
{  Due to unique triple veto 

|  GOALS: < 3 x 10-48 cm2, at 
40 GeV. Clip ν shoulder 

6 keVnr threshold with 
at least 99.5% 
discrimination 

28 

(latest) 

Many Higgs-mediated models killed 

*plot and models from LZ’s Conceptual Design Report, arXiv:1509.02910 Szydagis	(LUX),	ICHEP	‘16	

our	update	

LUX,	PandaX	90%	CL	limits:	
Impact	on	~1	TeV	WIMP	in	
CMSSM	not	as	big	as	claimed.	

WIMP-nucleon SI Exclusion 
|  Our best, lowest 

exclusion is at   
50 GeV: 2.2 x10-46 

cm2 (That’s 0.22 
zeptobarns in σ!) 
{  1 order of 

magnitude off 
XENON1T 

{  Within < 2 
orders of LZ 
projection 

|  Comparable to 
LUX 2015 re-
analysis of 3 
months’ worth of 
data at low mass 
but FOUR TIMES 
better at high 
mass. (Final G1?) 

~2x below 
PandaX curve 
 
Paper coming 
quite soon 

Within (log) 
spitting distance 
of coherent 
neutrino 
scattering 

(NOT preliminary. Analysis/limit is final. Text under internal review.) 

24 

24 

(the 1 TeV 
Higgsino 
half-dead) 

(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

Final	limit	from	LUX,	first	one	from	PandaX	
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What	is	natural?	

Natural	is	what	is	realized	in	Nature.	

LR,	Moriond	2015	
arXiv:1507.07446	

	c.f.	Frank	Wilczek	
Stockholm	June	2015	
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Fine-tuning/naturalness	

v  I	prefer	to	follow	what	the	data	implies,	rather	than	theore@cal	prejudice	
v  Stabilizing	mass	hierarchy	gave	ini@al	mo@va@on	for	SUSY	but	we	should	not	

treat	it	as	a	sacred	cow		

v  Naturalness:	fundamental	Higgs	->	SUSY	
v  125	GeV	->	generically	1TeV	<~	M_SUSY	tens	of	TeV	

v  Fine-tuning	is	needed	at	any	scale	above	the	EW	scale!	
	
	
v  If	SUSY	is	discovered,	large	FT	issue	will	have	to	be	understood/accepted	
v  If	SUSY	is	not	discovered,	the	issue	will	become	irrelevant	
v  Naturalness	argument	gone	astray:	

1	TeV	is	not	a	magic	number	

Ini@al	mo@va@on	for	cosmic	
infla@on	was	to	rid	the	Universe	of	
unwanted	relics	like	monopoles.	

Now:	primordial	density	
perturba@on	

mt

mb
⇠ mc

ms
' 14 ) mt ' 60GeV



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	

	
	
	
	
	

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.	
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2 Definition of fine tuning

The criterion of fine tuning is intrinsically subjective and di⇧cult to quantify in a unique

way. Di⇤erent definitions and measures exist in the literature [12, 13, 16, 17, 34, 35, 61,

62, 80–82] and the amount of fine tuning for a particular model can di⇤er when di⇤erent

measures are employed. Throughout this paper we will use the well-known Barbieri-Giudice

measure [12, 13]: � = max{�pi}, where

�pi =

����
⇧ lnM2

Z

⇧ ln p2i

���� =
1

2

����
⇧ lnM2

Z

⇧ ln pi

���� , (2.1)

and pi are the defining parameters of the model. We do not assign absolute meaning to

the numerical value of �, but rather take it as an estimate of the relative fine tuning of

considered models.

� quantifies the stability of the global minimum of the scalar potential, v2 ⇥ M2
Z/g

2

(where g2 ⇥ (g21 + g22)/2 is the average of the U(1)Y and SU(2)L squared gauge couplings),

with respect to variations of the input parameters pi. Assuming that softly-broken SUSY

is the low-scale remnant of a high-scale theory, like some GUT theory, or supergravity, or

some string theory, the pi’s are the parameters of an e⇤ective theory defined at the scale of

gauge coupling unification, MGUT, and they are renormalized through the RGEs to MSUSY.

If the input parameters are independent from one another, �pi must be calculated for each

of them separately and � often becomes significant.

The scale MZ is related to the other parameters through the well-known EWSB con-

ditions that come from minimization of the scalar potential. In this paper we will limit

ourselves to the regions of tan� ⇤ 10, where tan� is the ratio of the Higgs doublets’ vac-

uum expectation values (vev), as it will be clear below that regions of large tan� can more

easily show lower levels of fine tuning.

In fact, for large tan� the EWSB conditions read

M2
Z

2
⌅ �µ2 �m2

Hu
� ⇥u

u +O(m2
Hd

/ tan2 �) , (2.2)

1

tan�
⌅ Bµ� ⇥d

u

m2
Hu

+ ⇥u
u +m2

Hd
+ ⇥d

d + 2µ2
, (2.3)

where mHu and mHd are the soft-breaking masses of the Higgs doublets, Bµ is the soft-

breaking bilinear parameter, and the ⇥ terms on the r.h.s. of Eqs. (2.2) and (2.3) are the

one-loop tadpole corrections to the scalar potential whose expression in terms of physical

masses and low-scale soft-breaking parameters is given, e.g., in the Appendix of [57]. The

r.h.s. of Eq. (2.2) is approximately independent of tan� and, consequently, of the parameter

Bµ.

In a theory defined in terms of a certain number of high-scale masses and trilinear

couplings, called pi, that are subsequently run down to MSUSY, one can integrate the RGEs

to express the low-scale parameters in terms of the high-scale ones. These expressions take

the form of polynomial expansions, e.g., mi(MSUSY) =
⇥

ij Cijpipj , where the coe⇧cients

Cij depend on the running of the parameters pi between the two scales [83]. As is common

– 4 –

Chan,	Cha^opadhay,	Nath	'98	
Feng,	Matchev,	Moroi	'99	

…	

��������	
����
��� ������	�����	������� �

�	����������/���00�������1

�����
���	/)����	4*&	5	����������	��	����6	����6	
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3.1 CMSSM

As was explained in Sec. 1, SUSY models defined in terms of high-scale boundary conditions

are in general characterized by large levels of fine tuning because � ⇤ ln(MX/MSUSY). On

the other hand, the induced relations among parameters can translate into regions of low

fine tuning due to the focusing mechanism, as is the case of the FP region [26–28, 64, 65]

of the CMSSM. Here we consider fine tuning in the CMSSM, which we use as a model of

reference for the following cases.

In the CMSSM the fundamental GUT-scale parameters are the unified scalar mass,

m0, the unified gaugino mass, m1/2, the unified trilinear parameter, A0, the unified bilinear

parameter, B0, and the high-scale Higgs/higgsino mass parameter, µ0.

To obtain an approximate estimate of the impact of the parameters on the parameter

space, one can recast Eq. (2.4) as

m2
Hu

(MSUSY) = 0.074m2
0 � 1.008m2

1/2 � 0.080A2
0 + 0.406m1/2A0 . (3.2)

The coe⌅cient multiplying m2
0 is the smallest, resulting in general in low scalar fine tuning,

with a consequently low total fine tuning in the regions where m0 is of the order of a few

TeV but µ, A0, and m1/2 are not too large (the FP region). However, the focusing in the

scalar sector loses its e⌅ciency with increasing m0. One finds �m0 ⌅ 20 for m0 = 1TeV,

but �m0 ⌅ 500 for m0 = 5TeV.

We scanned the CMSSM parameter space in the following broad ranges for m0, m1/2:

0.1TeV ⇥ m0 ⇥ 10TeV ,

0.1TeV ⇥ m1/2 ⇥ 4TeV . (3.3)

In order to minimize the impact of A0 and tan� on the total fine tuning (Bµ, as usual, is

traded for tan�) we scanned those parameters in the following limited ranges:

� 1TeV ⇥ A0 ⇥ 1TeV ,

10 ⇥ tan� ⇥ 62 . (3.4)

The choice of a limited range for A0 and tan� does not a⇥ect significantly the distribution of

the profile likelihood in the (m0, m1/2) plane, with the exception of the stau-coannihilation

region [106], which is not allowed in the ranges of (3.4) because it requires large mixing

between the stops in order to obtain the right value of the Higgs mass [5, 92]. It is known,

however, that the stau-coannihilation region of the CMSSM presents large values for �A0 ,

so that we do not treat it in this paper.

We show in Fig. 1 the distribution in the (m0, m1/2) plane of the fine tuning contri-

butions due to (a) m0, (b) m1/2, (c) A0, and (d) µ0. All the points satisfy the constraints

of Table 1 at 2⇤. Due to the choice (3.4) of tan� ranges, the values of �Bµ are below 10

over the whole parameter space and we do not show its distribution.

A few features are immediately visible in Fig. 1: in the region of m0 . 4TeV the

dominant contribution to the fine tuning is given by µ0, �µ ⇤ 500 � 1000, with the

exception of a few points at m0 ⌅ 3 � 4TeV and m1/2 ⌅ 1TeV, for which �µ . 100 and
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Figure 1: Scatter plots of the fine-tuning measure due to the di⇥erent input parameters of the CMSSM.

All the points satisfy the constraints of Table 1 at 2�. (a) �m0 , (b) �m1/2
, (c) �A0 , and (d) �µ.

�m1/2
is dominant. Those are the points adjacent to the FP region, where µ is lower.

The FP region appears to be nearly excluded in the plots because it is disfavored by the

LUX likelihood. Note, however, that this tension can be ameliorated if one includes the

theoretical uncertainties due to the nuclear physics ⇥⇥N terms in the likelihood function [7].

In the upper right part of the (m0, m1/2) plane, a very large region characterized by a

nearly pure higgsino LSP with m⇤ � 1TeV is present. As discussed in Sec. 1, in this region

the relic abundance assumes the correct value and it is also most naturally compatible with

mh � 126GeV due to large MSUSY. The fine tuning due to µ0, �µ � 250, is large but

insensitive to varying the CMSSM parameters. The total fine tuning � is dominated by

the contributions of multi- TeV scalar and gaugino masses. Note, finally, that Fig. 1(d)

shows that our choice of the A0 range helps maintaining �A0 well below 100 over large
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2 Definition of fine tuning

The criterion of fine tuning is intrinsically subjective and di⇧cult to quantify in a unique

way. Di⇤erent definitions and measures exist in the literature [12, 13, 16, 17, 34, 35, 61,

62, 80–82] and the amount of fine tuning for a particular model can di⇤er when di⇤erent

measures are employed. Throughout this paper we will use the well-known Barbieri-Giudice

measure [12, 13]: � = max{�pi}, where

�pi =

����
⇧ lnM2

Z

⇧ ln p2i

���� =
1

2

����
⇧ lnM2

Z

⇧ ln pi

���� , (2.1)

and pi are the defining parameters of the model. We do not assign absolute meaning to

the numerical value of �, but rather take it as an estimate of the relative fine tuning of

considered models.

� quantifies the stability of the global minimum of the scalar potential, v2 ⇥ M2
Z/g

2

(where g2 ⇥ (g21 + g22)/2 is the average of the U(1)Y and SU(2)L squared gauge couplings),

with respect to variations of the input parameters pi. Assuming that softly-broken SUSY

is the low-scale remnant of a high-scale theory, like some GUT theory, or supergravity, or

some string theory, the pi’s are the parameters of an e⇤ective theory defined at the scale of

gauge coupling unification, MGUT, and they are renormalized through the RGEs to MSUSY.

If the input parameters are independent from one another, �pi must be calculated for each

of them separately and � often becomes significant.

The scale MZ is related to the other parameters through the well-known EWSB con-

ditions that come from minimization of the scalar potential. In this paper we will limit

ourselves to the regions of tan� ⇤ 10, where tan� is the ratio of the Higgs doublets’ vac-

uum expectation values (vev), as it will be clear below that regions of large tan� can more

easily show lower levels of fine tuning.

In fact, for large tan� the EWSB conditions read

M2
Z

2
⌅ �µ2 �m2

Hu
� ⇥u

u +O(m2
Hd

/ tan2 �) , (2.2)

1

tan�
⌅ Bµ� ⇥d

u

m2
Hu

+ ⇥u
u +m2

Hd
+ ⇥d

d + 2µ2
, (2.3)

where mHu and mHd are the soft-breaking masses of the Higgs doublets, Bµ is the soft-

breaking bilinear parameter, and the ⇥ terms on the r.h.s. of Eqs. (2.2) and (2.3) are the

one-loop tadpole corrections to the scalar potential whose expression in terms of physical

masses and low-scale soft-breaking parameters is given, e.g., in the Appendix of [57]. The

r.h.s. of Eq. (2.2) is approximately independent of tan� and, consequently, of the parameter

Bµ.

In a theory defined in terms of a certain number of high-scale masses and trilinear

couplings, called pi, that are subsequently run down to MSUSY, one can integrate the RGEs

to express the low-scale parameters in terms of the high-scale ones. These expressions take

the form of polynomial expansions, e.g., mi(MSUSY) =
⇥

ij Cijpipj , where the coe⇧cients

Cij depend on the running of the parameters pi between the two scales [83]. As is common
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measure [12, 13]: � = max{�pi}, where

�pi =

����
⇧ lnM2

Z

⇧ ln p2i

���� =
1

2

����
⇧ lnM2

Z

⇧ ln pi

���� , (2.1)

and pi are the defining parameters of the model. We do not assign absolute meaning to

the numerical value of �, but rather take it as an estimate of the relative fine tuning of

considered models.

� quantifies the stability of the global minimum of the scalar potential, v2 ⇥ M2
Z/g

2

(where g2 ⇥ (g21 + g22)/2 is the average of the U(1)Y and SU(2)L squared gauge couplings),

with respect to variations of the input parameters pi. Assuming that softly-broken SUSY

is the low-scale remnant of a high-scale theory, like some GUT theory, or supergravity, or

some string theory, the pi’s are the parameters of an e⇤ective theory defined at the scale of

gauge coupling unification, MGUT, and they are renormalized through the RGEs to MSUSY.

If the input parameters are independent from one another, �pi must be calculated for each

of them separately and � often becomes significant.

The scale MZ is related to the other parameters through the well-known EWSB con-

ditions that come from minimization of the scalar potential. In this paper we will limit

ourselves to the regions of tan� ⇤ 10, where tan� is the ratio of the Higgs doublets’ vac-

uum expectation values (vev), as it will be clear below that regions of large tan� can more

easily show lower levels of fine tuning.

In fact, for large tan� the EWSB conditions read

M2
Z

2
⌅ �µ2 �m2

Hu
� ⇥u

u +O(m2
Hd

/ tan2 �) , (2.2)

1

tan�
⌅ Bµ� ⇥d

u

m2
Hu

+ ⇥u
u +m2

Hd
+ ⇥d

d + 2µ2
, (2.3)

where mHu and mHd are the soft-breaking masses of the Higgs doublets, Bµ is the soft-

breaking bilinear parameter, and the ⇥ terms on the r.h.s. of Eqs. (2.2) and (2.3) are the

one-loop tadpole corrections to the scalar potential whose expression in terms of physical

masses and low-scale soft-breaking parameters is given, e.g., in the Appendix of [57]. The

r.h.s. of Eq. (2.2) is approximately independent of tan� and, consequently, of the parameter

Bµ.

In a theory defined in terms of a certain number of high-scale masses and trilinear

couplings, called pi, that are subsequently run down to MSUSY, one can integrate the RGEs

to express the low-scale parameters in terms of the high-scale ones. These expressions take

the form of polynomial expansions, e.g., mi(MSUSY) =
⇥

ij Cijpipj , where the coe⇧cients

Cij depend on the running of the parameters pi between the two scales [83]. As is common
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2 Definition of fine tuning

The criterion of fine tuning is intrinsically subjective and di⇧cult to quantify in a unique

way. Di⇤erent definitions and measures exist in the literature [12, 13, 16, 17, 34, 35, 61,

62, 80–82] and the amount of fine tuning for a particular model can di⇤er when di⇤erent

measures are employed. Throughout this paper we will use the well-known Barbieri-Giudice

measure [12, 13]: � = max{�pi}, where

�pi =

����
⇧ lnM2

Z

⇧ ln p2i

���� =
1

2

����
⇧ lnM2

Z

⇧ ln pi

���� , (2.1)

and pi are the defining parameters of the model. We do not assign absolute meaning to

the numerical value of �, but rather take it as an estimate of the relative fine tuning of

considered models.

� quantifies the stability of the global minimum of the scalar potential, v2 ⇥ M2
Z/g

2

(where g2 ⇥ (g21 + g22)/2 is the average of the U(1)Y and SU(2)L squared gauge couplings),

with respect to variations of the input parameters pi. Assuming that softly-broken SUSY

is the low-scale remnant of a high-scale theory, like some GUT theory, or supergravity, or

some string theory, the pi’s are the parameters of an e⇤ective theory defined at the scale of

gauge coupling unification, MGUT, and they are renormalized through the RGEs to MSUSY.

If the input parameters are independent from one another, �pi must be calculated for each

of them separately and � often becomes significant.

The scale MZ is related to the other parameters through the well-known EWSB con-

ditions that come from minimization of the scalar potential. In this paper we will limit

ourselves to the regions of tan� ⇤ 10, where tan� is the ratio of the Higgs doublets’ vac-

uum expectation values (vev), as it will be clear below that regions of large tan� can more

easily show lower levels of fine tuning.

In fact, for large tan� the EWSB conditions read

M2
Z

2
⌅ �µ2 �m2

Hu
� ⇥u

u +O(m2
Hd

/ tan2 �) , (2.2)

1

tan�
⌅ Bµ� ⇥d

u

m2
Hu

+ ⇥u
u +m2

Hd
+ ⇥d

d + 2µ2
, (2.3)

where mHu and mHd are the soft-breaking masses of the Higgs doublets, Bµ is the soft-

breaking bilinear parameter, and the ⇥ terms on the r.h.s. of Eqs. (2.2) and (2.3) are the

one-loop tadpole corrections to the scalar potential whose expression in terms of physical

masses and low-scale soft-breaking parameters is given, e.g., in the Appendix of [57]. The

r.h.s. of Eq. (2.2) is approximately independent of tan� and, consequently, of the parameter

Bµ.

In a theory defined in terms of a certain number of high-scale masses and trilinear

couplings, called pi, that are subsequently run down to MSUSY, one can integrate the RGEs

to express the low-scale parameters in terms of the high-scale ones. These expressions take

the form of polynomial expansions, e.g., mi(MSUSY) =
⇥

ij Cijpipj , where the coe⇧cients

Cij depend on the running of the parameters pi between the two scales [83]. As is common
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3.1 CMSSM

As was explained in Sec. 1, SUSY models defined in terms of high-scale boundary conditions

are in general characterized by large levels of fine tuning because � ⇤ ln(MX/MSUSY). On

the other hand, the induced relations among parameters can translate into regions of low

fine tuning due to the focusing mechanism, as is the case of the FP region [26–28, 64, 65]

of the CMSSM. Here we consider fine tuning in the CMSSM, which we use as a model of

reference for the following cases.

In the CMSSM the fundamental GUT-scale parameters are the unified scalar mass,

m0, the unified gaugino mass, m1/2, the unified trilinear parameter, A0, the unified bilinear

parameter, B0, and the high-scale Higgs/higgsino mass parameter, µ0.

To obtain an approximate estimate of the impact of the parameters on the parameter

space, one can recast Eq. (2.4) as

m2
Hu

(MSUSY) = 0.074m2
0 � 1.008m2

1/2 � 0.080A2
0 + 0.406m1/2A0 . (3.2)

The coe⌅cient multiplying m2
0 is the smallest, resulting in general in low scalar fine tuning,

with a consequently low total fine tuning in the regions where m0 is of the order of a few

TeV but µ, A0, and m1/2 are not too large (the FP region). However, the focusing in the

scalar sector loses its e⌅ciency with increasing m0. One finds �m0 ⌅ 20 for m0 = 1TeV,

but �m0 ⌅ 500 for m0 = 5TeV.

We scanned the CMSSM parameter space in the following broad ranges for m0, m1/2:

0.1TeV ⇥ m0 ⇥ 10TeV ,

0.1TeV ⇥ m1/2 ⇥ 4TeV . (3.3)

In order to minimize the impact of A0 and tan� on the total fine tuning (Bµ, as usual, is

traded for tan�) we scanned those parameters in the following limited ranges:

� 1TeV ⇥ A0 ⇥ 1TeV ,

10 ⇥ tan� ⇥ 62 . (3.4)

The choice of a limited range for A0 and tan� does not a⇥ect significantly the distribution of

the profile likelihood in the (m0, m1/2) plane, with the exception of the stau-coannihilation

region [106], which is not allowed in the ranges of (3.4) because it requires large mixing

between the stops in order to obtain the right value of the Higgs mass [5, 92]. It is known,

however, that the stau-coannihilation region of the CMSSM presents large values for �A0 ,

so that we do not treat it in this paper.

We show in Fig. 1 the distribution in the (m0, m1/2) plane of the fine tuning contri-

butions due to (a) m0, (b) m1/2, (c) A0, and (d) µ0. All the points satisfy the constraints

of Table 1 at 2⇤. Due to the choice (3.4) of tan� ranges, the values of �Bµ are below 10

over the whole parameter space and we do not show its distribution.

A few features are immediately visible in Fig. 1: in the region of m0 . 4TeV the

dominant contribution to the fine tuning is given by µ0, �µ ⇤ 500 � 1000, with the

exception of a few points at m0 ⌅ 3 � 4TeV and m1/2 ⌅ 1TeV, for which �µ . 100 and
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Figure 3: (a) The fine tuning due to M3 for di�erent GUT-scale gaugino mass patterns. (10 : 2 : 1),

(�5 : 3 : 1), and (�1/2 : �3/2 : 1) come from representations of SU(5) [107, 108]. (19/10 : 5/2 : 1),

(77/5 : 1 : 1), and (2/5 : 2 : 1) are some representative SO(10) patterns [113]. (b) The fine tuning due to

the unified scalar mass m0 for di�erent choices of the parameter bF = mHu(MGUT)/m0.

It is straightforward to see that one can obtain less fine tuning from the scalars than in

the CMSSM when m2
Hu

(MGUT) and m2
0 are related as

m2
Hu

= b2Fm
2
0, with |bF | ⇥

�
0.57/0.64 = 0.94 . (3.7)

For simplicity we will consider bF to be positive. Equation (3.6) is approximate (although

it holds rather well over most of the parameter space), but it gives a good estimate of

the values of bF that are necessary to reduce the fine tuning with respect to the CMSSM,

even for masses in the multi-TeV regime. Note that, remarkably, bF does not deviate

substantially from 1, the value corresponding to universal scalar masses.

In Fig. 3(b), we show the scalar fine tuning as a function of m0 for di�erent values of

bF . The curves are drawn for fixed values m1/2 = 1TeV, A0 = �1TeV and tan� = 30.

Figure 3(b) also shows that values of bF . 0.93 can produce low fine-tuning regions even

with very large m0 values because at some point ⌃M2
Z/⌃m

2
0 ⇥ 0. However, when 0.93 .

bF . 0.94 the region m0 . 8TeV features consistent and stable values of low fine tuning,

as |⌃2M2
Z/⌃

2m2
0| is generally smaller than for the other choices.

In Sec. 4.1 we will comment on the possibility of generating non-universality in the

scalar sector with supergravity. Alternatively it is possible to generate bF < 1 in the

context of the MSSM embedded in a GUT symmetry and in Sec. 5 we give an example of

this for SU(5).

3.3 Non-universality and fine tuning in the allowed parameter space

Let us now turn to phenomenologically viable models and show how the conditions derived

in Sec. 3.2 a�ect the fine tuning in the parameter space allowed by the constraints of

– 12 –

bF = 0.92 � 0.94

Ø Gaugino	non-unifica@on	

-400

-300

-200

-100

 0

 100

 200

 300

 400

 0.5  1  1.5  2  2.5  3  3.5  4

∂
(l
n

 M
Z

2
)/

∂
(l
n

 M
3

2
)

M3 (TeV)

BayesFITS (2014)

M1:M2:M3 =

1:1:1
-5:3:1
10:2:1

19/10:5/2:1
77/5:1:1

2/5:2:1
-1/2:-3/2:1

(a)

-200

-100

 0

 100

 200

 0  2  4  6  8  10

∂
(l
n

 M
Z

2
)/

∂
(l
n

 m
0

2
)

m0 (TeV)

BayesFITS (2014)

bF =
1

0.98
0.96
0.95
0.94
0.93
0.92
0.90

(b)

Figure 3: (a) The fine tuning due to M3 for di�erent GUT-scale gaugino mass patterns. (10 : 2 : 1),

(�5 : 3 : 1), and (�1/2 : �3/2 : 1) come from representations of SU(5) [107, 108]. (19/10 : 5/2 : 1),

(77/5 : 1 : 1), and (2/5 : 2 : 1) are some representative SO(10) patterns [113]. (b) The fine tuning due to

the unified scalar mass m0 for di�erent choices of the parameter bF = mHu(MGUT)/m0.

It is straightforward to see that one can obtain less fine tuning from the scalars than in

the CMSSM when m2
Hu

(MGUT) and m2
0 are related as

m2
Hu

= b2Fm
2
0, with |bF | ⇥

�
0.57/0.64 = 0.94 . (3.7)

For simplicity we will consider bF to be positive. Equation (3.6) is approximate (although

it holds rather well over most of the parameter space), but it gives a good estimate of

the values of bF that are necessary to reduce the fine tuning with respect to the CMSSM,

even for masses in the multi-TeV regime. Note that, remarkably, bF does not deviate

substantially from 1, the value corresponding to universal scalar masses.
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bF . 0.94 the region m0 . 8TeV features consistent and stable values of low fine tuning,
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0| is generally smaller than for the other choices.

In Sec. 4.1 we will comment on the possibility of generating non-universality in the

scalar sector with supergravity. Alternatively it is possible to generate bF < 1 in the

context of the MSSM embedded in a GUT symmetry and in Sec. 5 we give an example of

this for SU(5).
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otherwise �µ ' 250 since µ ' 1TeV
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(a) (b)

Figure 7: (a) Regions of low fine tuning in the (m0, M3) plane for di�erent choices of (cH , bF ) in the

NUGM (�5 : 3 : 1) case. (b) Fine tuning of the three models shown in (a) (small violet dots) compared to

(green crosses) the case shown in Fig. 4(b) (µ and m0 unrelated) and (blue dots) the CMSSM.

here, by 15–20 times relative to the CMSSM.

4.2 Spectra and phenomenology

In Fig. 8(a) we show the spectrum of the point with lowest � for cH = 0.25, bF = 0.88 in

the NUGM (�5 : 3 : 1). The spectra for cH = 0.20, bF = 0.89 and cH = 0.16, bF = 0.90

are shown in Fig. 8(b) and Fig. 8(c), respectively.

Obviously, the scenario that shows the better prospects is the one characterized by

lighter sparticles, shown in Fig. 8(a). Even in that case, though, the requirement of good

relic density narrows down the neutralino mass to m� ⇥ 1TeV, a value that will provide

a challenge for observation of other superpartners at the LHC, as it strongly limits the

transverse momentum of the charged and colored SUSY particles produced in collisions.

From this perspective, it does not seem surprising that SUSY particles have not been

observed so far at the LHC and we fear that, if naturalness happened to be encoded

in SUSY the way we analyzed in this paper, there will probably be little chance to see

sparticles even in future runs.

Rather than at the LHC, the best prospects for observation of this kind of scenarios

come from dark matter direct detection experiments, particularly at 1-tonne detectors like

XENON1T [122]. It has been shown, see e.g., [76], that there are good prospects for future

detection of an m� ⇥ 1TeV neutralino. We present in Table 2 the values of the spin-

independent neutralino-proton cross section for the points of lowest � in the three cases

given above.

Unfortunately, since these scenarios have approximately all the same m� and the same

higgsino composition, even upon detection at 1-tonne detectors it will be hard to distinguish

– 19 –

FT	can	be	reduced		
as	far	down	as	~20	

All	experimental	constraints	sa@sfied	

1402.1328		

Altogether,	for	some	BCs	at	
unifica@on	scale	

Need	to	relax	strict:	
•  	gauge	coupling	and	
•  mass	unifica@on	condi@ons	
•  link	μ	to	sou	masses		

…except	(g-2)μ	
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�EW is highly selective:
most constrained models are ruled out
except NUHM2 and its generalizations:

HB, Barger, Mickelson,Padeffke-Kirkland, PRD89 (2014) 115019

scan over p-space with m(h)=125.5+-2.5 GeV:

10%

1%

0.1%

RNS:	Radia@ve	Natural	SUSY	

If	insist	on	low	fine	tuning	

Upper bounds on sparticle masses:

m(gluino)<4 TeV!
     mu<350 GeV!

m(t1)<3 TeV
higher than old NS models and!

allows for m(h)~125 GeV within MSSM

�EW < 30 upper bounds:

Since	mu<<	1	TeV:	need	two	components	of	DM	
e.g.	neutralino	and	axion	

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 (i.e. it is assumedWIMPs comprise the totality of DM) for the experimental
projections and for all models except RNS and pMSSM.

scale. The scans over parameter space typically range up to weak scale soft terms of 4 TeV
and are subject to a variety of constraints including LHC sparticle search limits and that
⌦TP

�1
h2  0.12. For general projections from a three parameter model involving just electroweak-

inos, see Ref. [56].

3 Spin-independent direct detection

We first examine a grand overview of prospects for spin-independent SUSY WIMP direct de-
tection. In this case, the neutralino-nucleon scattering cross section is dominated by Higgs
and squark exchange diagrams. (Here, most results do not include extensive QCD corrections
so theory predictions should be accepted to within a factor two unless otherwise noted [57].
Since squark mass limits are now rather high from LHC searches, the Higgs exchange h dia-
gram usually dominates the scattering amplitude. The results are presented in Fig. 1 in the
⇠�SI(�, p) vs. m� plane. We leave the factor ⇠ in the y-axis to account for a possible depleted
local abundance of WIMPs. For the experimental projections and for all models except RNS
and pMSSM, it is assumed that ⇠ = 1 (i.e. it is assumed that WIMPs comprise the totality of

7

Baer,	et	al,	arXiv:1609.06735		

Large	part	of	RNS	already	ruled	out	by	LUX	limit	

Characteristic same-sign diboson (SSdB) signature 
from SUSY models with light higgsinos! 

wino pair production

This channel offers best reach of LHC14 for RNS; 
it is also indicative of wino-pair prod’n!

followed by decay to higgsinos

(soft)

(soft)

Prospects	for	LHC:	

*	Best	signature	of	light	higgsino:						
same-sign	diboson	Characteristic same-sign diboson (SSdB) signature 

from SUSY models with light higgsinos! 

wino pair production

This channel offers best reach of LHC14 for RNS; 
it is also indicative of wino-pair prod’n!

followed by decay to higgsinos

(soft)

(soft)

*	No	missing	ET	
LSP	higgsino	
degenerate	with	
chargino	
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FIG. 7. One- and two-sigma credible regions of the marginal posterior probabilities for simulations

of WIMPs with left: ��p = 3⇥10�46 cm2, and masses 20GeV, 100GeV and 500GeV, for exposures

of 10 tonne-years xenon (green), 20 tonne-years xenon (red) and 10 tonne-years xenon plus 20

tonne-years argon (blue). Right: ��p = 3 ⇥ 10�46 cm2 (green), ��p = 3 ⇥ 10�47 cm2 (red) and

��p = 3 ⇥ 10�48 cm2 (blue) for an exposure of 10 tonne-years xenon plus 20 tonne-years argon.

The ‘+’ indicates the simulated model.

to break this degeneracy; however, in practice the astrophysical uncertainties make this

impossible. The inclusion of the argon detector greatly improves mass reconstruction, but

has a limited e↵ect on reducing the uncertainty in the inferred cross section (see Fig. 8 left

and right). Also, we once again see that there is not much improvement in reconstruction

when using two di↵erent detector targets compared with doubling the size of the xenon

detector. However, it is possible that with the addition of more detectors of di↵erent target

material, one can at least infer the sign of f
n

f
p

[5].

Although a less generic physical possibility, the addition of a non-zero inelastic scattering

probability greatly increases the uncertainty in the reconstruction, since the event rate is

decreased in this scenario. The event rate is diminished to such an extent that for � =

100 keV, there are no inelastic events visible for a 100GeV WIMP with ��p = 3 ⇥ 10�46

cm2. Events are observable for � = 50 keV, and here the complementarity of the two

detectors provides a small improvement in the reconstruction (see Fig. 9 left), compared
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Strategies for WIMP Detection
direct detection (DD): measure WIMPs scattering off a target

go underground to beat cosmic ray bgnd

indirect detection (ID):

HE neutrinos from the Sun (or Earth)
WIMPs get trapped in Sun’s core, start pair annihilating, only ν ’s escape

antimatter (e+, p̄, D̄) from WIMP pair-annihilation in the
MW halo

from within a few kpc

gamma rays from WIMP pair-annihilation in the Galactic
center

depending on DM distribution in the GC

other ideas: traces of WIMP annihilation in dwarf galaxies,
in rich clusters, etc

more speculative

the LHC
L. Roszkowski – p.15
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Cherenkov	Telescope	Array	

Ø  ground-based	gamma-ray	telescope	
Ø  Arrays	in	southern	and	northern	hemisphere	

for	full-sky	coverage	
Ø  Energy	range:	tens	of	GeV	to	>100	TeV	
Ø  Sensi@vity:	more	than	an	order	of	mag	

improvement	in	100	GeV	–	10	TeV			
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General	SUSY:	CTA	vs	direct	detec@on	

General	pMSSM:	
•  CTA	to	probe	WIMP	regions	below	reach	of	~1	tonne	detectors	(even	below	

neutrino	floor!)	
•  Good	complementarity	of	DD	and	CTA	
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~1	tonne	DD	reach	
(a) (b)

Figure 8: (a) The sensitivity of CTA to the pMSSM in the (m�, �SI
p ) plane. The colour code is the same as

in Fig. 7(a). The LUX 90% C.L. bound is shown a dashed red line. The projected sensitivity of 1-tonne detectors
is shown as a dotted grey line. The onset of the atmospheric and di⇥use supernova neutrino background is shown
with a dot-dashed magenta line. Note that points are plotted from red to green, showing a conservative estimate of
the reach (least constrained points are always shown). Points are shown with �⇥2 � 5.99 (see Table 2). (b) The
sensitivity of CTA to the pMSSM in the (m�, �

SD
p ) plane. The colour code is the same as in Fig. 7(a). Lighter

shaded points are within the projected 5-year sensitivity of IceCube/DeepCore. The grey line shows the estimated
sensitivity of ANTARES. *** ES: To be replaced ***

In Fig. 9(b) we present the equivalent picture in the (�SD
p , �v) plane, where the light-shaded

region indicates the points within 5-year sensitivity at IceCube/DeepCore.
*** ES: Reviewed up to here! Move to Appendix. ***
In Figs. ?? and ?? we show the reach of CTA in the (mg̃, m�) and (mt̃1 , m�) planes, respectively.

With the exception of the coannihilation bands, the reach of CTA is largely independent of the
sparticle spectrum, as was to be expected. Improvements in the limits on the gluino and squark
masses are not expected to have any e�ect on the sensitivity of CTA. Indeed, CTA remains sensitive
to spectra where the gluinos and squarks lie well beyond the reach of present and future colliders.

Fig. 11 shows the expected reach of CTA in the (m�, �v) plane for the under-abundant scenarios.
Points already excluded by HESS or Fermi-LAT shown in Fig. 4 have been removed. As can be
seen from Fig. 11(a) CTA will improve on the limit already set by HESS but due to the rescaling
factor R2 much of the parameter space lies beyond the reach of CTA. When the rescaling factor
is removed in Fig. 11(b) CTA has the potential to exclude nearly all of the remaining parameter
space.

5 Summary and Conclusions

15

(a) (b)

Figure 9: (a) The sensitivity of CTA to the pMSSM points in the (�SI
p , �v) plane. The colour code is the same

as in Fig. 7(a). Lighter shaded points are within the projected sensitivity of 1-tonne detectors. The dashed grey
line gives an approximate reference value for future direct reach in �SI

p . Points are shown with �⇥2 � 5.99 (see
Table 2). (a) The sensitivity of CTA to the pMSSM points in the (�SD

p , �v) plane. Lighter shaded points are within
the projected 5-year sensitivity of IceCube/DeepCore *** AW: figure to be replaced *** .
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A Derivation of the CTA reach

In this appendix we apply to CTA di⇥erent methods of obtaining the limit for the same experimental
data and show a comparison with some of the previous work recently appeared in the literature.

We take the same experimental setup as defined in [56, 57, 58, 59], based on the Ring Method.
Two regions are identified in the plane of the galactic coordinates l and b, as shown in Fig. 12.
Following [59], we adopt the parameters optimised for Array E. The “signal”, or ON, region is
based on a circle of angular radius �cut = 1.36� around the GC. The “background”, or OFF,
region is based on a ring centered at the o⇥set coordinate bo� = 1.42�, with an inner angular radius
of r1 = 0.55� and an outer radius of r2 = 2.88�, from which the ON region is subtracted. The strip
of sky characterised by |b| < 0.3� about the GC and the region of the sky within the inner radius
r1 do not belong to either the ON or OFF regions.
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The Muon Magnetic Moment and Supersymmetry 14

µ µν̃µ

χ+
k

µ µµ̃m

χ0
i

Figure 3. The two SUSY one-loop diagrams, written in terms of mass eigenstates.
The external photon line has to be attached to the charged internal lines.

unconstrained MSSM [44] (see also [45, 46] for related results on weak dipole moments

in the MSSM). We present the general result in the form given in [47]:

aSUSY,1L
µ = aχ0

µ + aχ±

µ , (45)

with

aχ0

µ =
mµ

16π2

!

i,m

"

−
mµ

12m2
µ̃m

(|nL
im|2 + |nR

im|2)F N
1 (xim) +

mχ0
i

3m2
µ̃m

Re[nL
imnR

im]F N
2 (xim)

#

, (46)

aχ±

µ =
mµ

16π2

!

k

" mµ

12m2
ν̃µ

(|cL
k |2 + |cR

k |2)F C
1 (xk) +

2mχ±

k

3m2
ν̃µ

Re[cL
k cR

k ]F C
2 (xk)

#

, (47)

where i = 1 . . . 4 and k = 1, 2 denote the neutralino and chargino indices, m = 1, 2
denotes the smuon index, and the couplings are given by

nL
im =

1√
2
(g1Ni1 + g2Ni2)U

µ̃
m1

∗ − yµNi3U
µ̃
m2

∗, (48)

nR
im =

√
2g1Ni1U

µ̃
m2 + yµNi3U

µ̃
m1, (49)

cL
k = −g2Vk1, (50)

cR
k = yµUk2. (51)

The kinematic variables are defined as the mass ratios xim = m2
χ0

i
/m2

µ̃m
, xk = m2

χ±

k

/m2
ν̃µ

,

and the loop functions are given by

F N
1 (x) =

2

(1 − x)4
[1 − 6x + 3x2 + 2x3 − 6x2 log x], (52)

F N
2 (x) =

3

(1 − x)3
[1 − x2 + 2x log x], (53)

F C
1 (x) =

2

(1 − x)4
[2 + 3x − 6x2 + x3 + 6x log x], (54)

F C
2 (x) =

3

(1 − x)3
[ − 3 + 4x − x2 − 2 log x], (55)

normalized such that F j
i (1) = 1. The U(1) and SU(2) gauge couplings are given by

g1,2 = e/{cW , sW}, such that the one-loop contributions are of the order α = e2/(4π).
A class of large two-loop logarithms can be taken into account by the replacement

α → α(MSUSY) (see later for more details).

For discussing the one-loop contributions aχ0,±

µ it is noteworthy that the terms linear

in mχ0,± are not enhanced by a factor mχ0,±/mµ compared to the other terms. Rather,

anomalous	magne@c		
moment	of	the	muon	

SUSY:	

Need	light	sneutrino/chargino		
or/and	smuon/neutralino		
in	~	few	hundred	GeV	range	

This	is	the	only	result	poin@ng	
towards	low	scale	of	new	physics!		

�(g � 2)µ = 27.4 ± 7.6

3.6�

Davier,	et	al.	(2016)	

�(g � 2)µ = aSM

µ � aexpt

µ

Experiment:	
§  current	determina@on:	BNL	E821	
§  2017	– new	muon	g-2	determina@on	

at	Fermilab	
~4	@mes	smaller	error	expected	

>	7sigma	discrepancy	with	the	SM	
value	if	the	BNL	result	confimed	
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Figure 8: LHC 8 TeV bounds our models.

plane from right to left and is thus orthogonal to the sensitivity of 2-lepton searches for slepton pair
production, which increases instead from top to bottom. Since M1 = M2 = m1/2 at the GUT scale,
the approximate relation m⇤ ⇥ 0.5m⇤±

1
holds for all shown points. The exclusion criterion was

described in Sec. 4.1. The surviving points have �⌅2 = ⌅2 � ⌅2
min < 5.99, where ⌅2

min corresponds
to the background only hypothesis.

One can identify three di⇥erent areas of exclusion in Fig. 8(a). The light gray triangles (and dark
gray diamonds) on the left for m⇤±

1
. 200GeV are excluded by the 3-lepton search as their decay

topology predominantly involves light staus, ⌅̃0
2⌅

±
1 ⇤ ⇤̃1⇤ ⇤̃1⇥⇥ . As the chargino mass increases the

search loses sensitivity due to the combined e⇥ect of the cross section drop and the fact that m⇤±
1

becomes closer to mẽL,R and mµ̃L,R , leading to an increased branching fraction to 3-body decays
into e±⌅e⇥(⇥e) or µ±⌅µ⇥(⇥µ), to which the search is less sensitive.

The gray circles (and dark gray diamonds) for mẽL . 300GeV are excluded by the 2-lepton
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Figure 9: LHC 8 TeV bounds our models.

for the 14TeV run at the LHC in terms of SMS that can be compared to other projections. We have
shown in Sec. ?? using our machinery that already at 8TeV both 3-lepton and 2-lepton searches
at the LHC have begun to probe these scenarios. However the majority of the parameter space
remains currently untested. The prospects at the 14TeV run are more encouraging. For all of the
GUT scenarios explored here the vast majority of the parameter space is within reach with only
300 fb�1 of data. The scenario of right-handed slepton co-annihilation in SO(10) and SU(5) like
models can in fact be probed in its entirety. Surprisingly we find that even for non-unified M1 and
M2 the outlook is promising in CMSSM-like models, despite the freedom in M2 the chargino and
sleptons remain light enough to probe due to the requirements of �⇥h2 and (g� 2)µ. In the case of
non-unified M1 and M2 we have presented our results in terms of the allowed gaugino mass ratios
to allow comparison with specific models of gaugino hierarchy. The remaining parameter space
is pushed into a few narrow regions that conspire to evade the LHC searches *** AW: details
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Kowalska,		
LR,	Sessolo,		
Williams,		
1503.08219	

Example	of	a	
model	to	be	
fully	explored	

at	LHC	

S.	Akula	and	P.	Nath,	arXiv:1304.5526	
S.	Mohanty,	et	al.,	arXiv:1303.5830	
I.	Gogoladze,	et	al.,	arXiv:1403.2337	

Kowalska	et	al,	1503.08219	
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µ µν̃µ

χ+
k

µ µµ̃m

χ0
i

Figure 3. The two SUSY one-loop diagrams, written in terms of mass eigenstates.
The external photon line has to be attached to the charged internal lines.

unconstrained MSSM [44] (see also [45, 46] for related results on weak dipole moments

in the MSSM). We present the general result in the form given in [47]:

aSUSY,1L
µ = aχ0

µ + aχ±

µ , (45)

with

aχ0

µ =
mµ

16π2

!

i,m

"

−
mµ

12m2
µ̃m

(|nL
im|2 + |nR

im|2)F N
1 (xim) +

mχ0
i

3m2
µ̃m

Re[nL
imnR

im]F N
2 (xim)

#

, (46)

aχ±

µ =
mµ

16π2

!

k

" mµ

12m2
ν̃µ

(|cL
k |2 + |cR

k |2)F C
1 (xk) +

2mχ±

k

3m2
ν̃µ

Re[cL
k cR

k ]F C
2 (xk)

#

, (47)

where i = 1 . . . 4 and k = 1, 2 denote the neutralino and chargino indices, m = 1, 2
denotes the smuon index, and the couplings are given by

nL
im =

1√
2
(g1Ni1 + g2Ni2)U

µ̃
m1

∗ − yµNi3U
µ̃
m2

∗, (48)

nR
im =

√
2g1Ni1U

µ̃
m2 + yµNi3U

µ̃
m1, (49)

cL
k = −g2Vk1, (50)

cR
k = yµUk2. (51)

The kinematic variables are defined as the mass ratios xim = m2
χ0

i
/m2

µ̃m
, xk = m2

χ±

k

/m2
ν̃µ

,

and the loop functions are given by

F N
1 (x) =

2

(1 − x)4
[1 − 6x + 3x2 + 2x3 − 6x2 log x], (52)

F N
2 (x) =

3

(1 − x)3
[1 − x2 + 2x log x], (53)

F C
1 (x) =

2

(1 − x)4
[2 + 3x − 6x2 + x3 + 6x log x], (54)

F C
2 (x) =

3

(1 − x)3
[ − 3 + 4x − x2 − 2 log x], (55)

normalized such that F j
i (1) = 1. The U(1) and SU(2) gauge couplings are given by

g1,2 = e/{cW , sW}, such that the one-loop contributions are of the order α = e2/(4π).
A class of large two-loop logarithms can be taken into account by the replacement

α → α(MSUSY) (see later for more details).

For discussing the one-loop contributions aχ0,±

µ it is noteworthy that the terms linear

in mχ0,± are not enhanced by a factor mχ0,±/mµ compared to the other terms. Rather,

Need	sneutrino/chargino		
and/or	smuon/neutralino		

in	~	few	hundred	GeV	range	

Ø  Simplest	unifica@on	(CMSSM,	NUHM,…):	BAD	fit	

Ø  MSSM:	fit	easy,	with	testable	mass	correla@ons…	
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Figure 1: (a) The parameter space belonging to the Z/h-resonance region of the MSSM that is allowed at 2⇥
by (g � 2)µ in the (m⇥±

1
, ml̃L

) plane. The orange band shows the case with tan� = 60 and the yellow band the

one with tan� = 10. The black dot-dashed horizontal line shows the approximate 95% C.L. lower bound for ml̃L
from 2 lepton searches at the LHC. The red dashed line shows the approximate lower bound in m⇥±

1
from 3 lepton

searches, which di�ers if ml̃L
< m⇥±

1
or viceversa. (b) The allowed 2⇥ parameter space in the (ml̃L

, m⇥) plane

for the parameter space belonging to the region of mixed bino/higgsino neutralinos. The solid black line shows the
approximate 95% C.L. exclusion bound from 2 lepton searches. The color code is the same as in (a).

searches [45, 44] for slepton pair production is shown as a dot-dashed black line. One can see the
for large tan� a large fraction of the parameter space is presently not excluded. However, we will
show in Sec. 4 that the outlook for the 14TeV run improves considerably.

• Neutralino of mixed bino/higgsino composition:

As one considers larger masses, for a bino-like neutralino it becomes necessary to increase the
mixing with higgsino states to enhance the annihilation cross section. These “well tempered”
neutralinos [64] e⇥ciently annihilate to gauge bosons through t-channel chargino exchange.

In Fig. 1(b) we show in the (ml̃L
, m⇥) plane the region of the parameter space consistent at

2⌅ with Eq. (1) in the case of a mixed bino/higgsino neutralino with m⇥ ⇤ M1 . µ. The colored
bands show two di�erent tan� cases. Again the right-handed slepton mass has been set at 5TeV,
and the wino soft mass is set here to M2 = 2µ. Raising M2 moves the allowed bounds down
and left to smaller values of m⇥ and ml̃L

by reducing the contribution of Eq. (4) to ⇥ (g � 2)µ.
M2 cannot therefore be more than a few TeV. The (g � 2)µ constraints requires approximately,
ml̃L

. 1.2� 1.5TeV and m⇥ . 700GeV.
This region is notoriously di⇥cult to probe in 3-lepton searches at the LHC, because the masses

of the lightest chargino and neutralino are almost degenerate. On the other hand, the bounds
from 2-lepton searches, approximately indicated with a solid black line, are much too weak at the
moment to probe the parameter space.

• Neutralino/slepton coannihilation:

6

Either	slepton	or	chargino	
likely	to	be	seen	at	LHC	

Consistent	with:	
•  Higgs	mass	
•  DM	relic	density	
•  Collider	limits	

pMSSM	with	1st	&	
2nd	gen.	leh	
sleptons	and	right	
sleptons	
degenerate	

Ø  Relax	slepton-squark	OR	gaugino	mass	unifica@on	

S.	Akula	and	P.	Nath,	arXiv:1304.5526		
A.	Fowlie,	et	al.,	KarXiv:1306.1567	
M.	Chakrabor@,	et	al.,	arXiv:1404.4841	
S.	P.	Das,	et	al.,	arXiv:106.6925	

…sufficient	to	make	gluino	heavier		
than	in	gaugino	mass	unifica@on	

Ø  Add	extra	ma^er	

Note:	(g-2)μ	is	inconsistent		with	~1TeV	DM		
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Figure 10: The results from our scan for the VL5 Case 2.

Appendices

Low energy spectrum

*** ES: This must be cleaned up! ***
Due to the presence of the new fields, the low energy spectrum of our constrained models is

noticeably distinct from the CMSSM. Notice that all the following semi-analytical formulae
corresponds to fixed values for the unified Yukawas as given by the benchmarks points
of Table *** and Table ****. In particular, the gluinos pole mass can be related to the
constrained gauginos mass m

1/2:

mg̃ =

(
0.05 m

0

+ 1.61 m1/2 +O(20 GeV) (LD-3)

0.03 m
0

+ 0.83 m1/2 +O(15 GeV) (QUE-3)
(34)

One key consequence of this di↵erent running will be that for gluino pole mass m
1/2 should

be far bigger in the MSSM10 than in the MSSM5 and in the CMSSM. As we will see, this
leads to a large increase of the fine-tuning in this theory. The neutralino and chargino (with
the LSP being mainly Bino-like) eigenstates masses are:

m�̃1
0
=

(
0.37 m

1/2 +O(5 GeV) (LD-3)

0.19 m
1/2 +O(10 GeV) (QUE-3)

(35)

m�̃1
+
=

(
0.68 m

1/2 +O(5 GeV) (LD-3)

0.34 m
1/2 +O(25 GeV) (QUE-3)

(36)
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e.g.	vector-like	fermions	

Darme	et	al.,	in	prep.	

2 The models

We will be interested in models with new VL fields that are consistent with perturbative
gauge coupling unification while o↵ering the possibility to fit various anomalies. Our unified
models are guided both by the perspective of Grand Unified Theory based on the SU(5)
gauge group and by minimality. We therefore do not include additional singlets and focus
on simply adding a 5+ 5̄ pair or a 10+ 10 pair to the MSSM (the vector-like pair nature of
the new fields allowing as usual to give them a superpotential mass). Similarly, we will not
suppose any additional discrete symmetry preventing direct mixing between the new fields
and the MSSM ones. Finally, let us recall that all of our new fields are charged under lepton
number.

In what follows we systematically use small caps for MSSM fields and indicate the SU(3)⇥
SU(2) ⇥ U(1) quantum numbers in parentheses. With this choice of notation, the MSSM
fields are

q = (3,2, 1/6) Hu = (1,2, 1/2) l = (1,2,�1/2)

u = (3̄,1,�2/3) Hd = (1,2,�1/2) e = (1,1, 1) (1)

d = (3̄,1, 1/3) .

and the MSSM part of the superpotential is

W = µHuHd �Yd qHdd�Ye lHde+Yu qHuu , (2)

where µ is the Higgs/higgsino mass parameter, the matrices Y are to be intended in flavor
space, and we have suppressed generation and isospin indices from the notation.

2.1 The 5-plets model

For the first model we consider, to which, following the convention of [26], we refer as LD
in the rest of the paper, we add to the MSSM a VL pair 5+ 5̄ of SU(5), which corresponds
to the following new fields:

D = (3̄,1, 1/3) D0 = (3,1,�1/3)

L = (1,2,�1/2) L0 = (1,2, 1/2) .

Hence, with respect to the MSSM, there is one extra quark with charge �1/3 (and its
antiparticle), one extra charged lepton (and its antiparticle), and 2 extra massive neutrinos.
Correspondingly there are two more squarks, two more sleptons, and two more sneutrinos.

Additional trilinear and bilinear terms are now allowed in the superpotential:

W � ��D qHdD � �L LHde+MDDD0 +MLLL
0 + fML lL

0 + fMD dD0 , (3)

where the new Yukawa couplings �L and �D and masses fML and fMD responsible for the
mixing with the SM fields are intended as 3-dimensional arrays spanning the SM generations.

For the fields characterized by the same quantum numbers (d,D and l, L) it is possible
to choose a basis such that the mixing mass terms are rotated away. This amounts to a
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sleptons	are	unified	with	squarks	and	are	too	heavy		

à Easy	to	fit	(g-2)μ	in	MSSM	or		
mildly	non-minimal	GUT	unifica@on	



To	take	home:	
Ø  BSM remains needed to address puzzles that SM can’t 
Ø  SUSY remains the most compelling framework 
Ø  SUSY: Higgs of 125 GeV + DM density + unification: 

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

 
Ø  If low fine tuning: 

Ø  DM higgsino much lighter (~200 GeV) but need additional 
DM component 

Ø  gluino or stop could be seen at the LHC 
Ø  If DM signal measured à strong hint BSM exists at ~1 TeV scale 

Ø  (g-2)μ - if confirmed – will imply BSM at ~few hundred GeV 

Ø  Remain open for surprises at the LHC 
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•  chargino or neutralino likely to be seen at 
the LHC 

•  Far	beyond	the	reach	of	LHC	
•  LUX	and	PandaX	started	probing	it	
•  Xenon-1T	and	CTA:	to	probe	big	chunk			

•  Gluino	within	reach,	squarks	heavy	

But WIMP mass reconstruction: likely to be 
challenging unless mass <	100	GeV	(DD) 

The	BSM	game	is	not	over,	with	next	few	years	likely	to	be	cri@cal	

•  Constrained SUSY: favor gaugino non-unification? 

(e.g. light (pseudo)Higgs beyond 
MSSM,  few to tens of GeV	


