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The hypothesis of weak scale SUSY  
(that nature is supersymmetric with SUSY breaking at or 

around the weak scale) 
is remarkably simple and solves a host of problems

• SUSY- extension of Poincare group to its most general 
structure: super-Poincare


• scalar field quadratic divergences cancel thus stabilizing 
the weak scale: potentially solves SM naturalness 
problem


• local SUSY: supergravity


• the vague prediction: superpartners around the weak 
scale



In spirit of Karl Popper, 

any scientific hypothesis must be falsifiable

• measured gauge coupling strengths consistent with SUSY 
unification


• m(t)~173 GeV consistent with SUSY requirement for 
(radiative) breakdown of EW symmetry


• m(h)~125 GeV in accord with narrow MSSM requirement that 
m(h)<135 GeV


• BUT where are the sparticles? And where ought they to be?

SUSY has already met 3 tests:



The main raison d’etre for SUSY is to address the naturalness question:

works admirably by eliminating quadratic divergences to m(h):


BUT if sparticles too heavy, then re-introduce hierarchy problem in form of

Little Hierarchy: why is m(h)~125 GeV and not m(sparticle)~1-10 TeV?

The notion of practical naturalness:

An observable O is natural if all independent contributions to
O = a1 + · · · an are comparable to or less than O

Or else, if one contribution, say a1 � O, then some other (independent)

contribution would have to be fine-tuned to a large opposite-sign value to com-

pensate and maintain O at its measured value

``The appearance of fine-tuning in a scientific theory is

like a cry of distress from nature complaining that something


needs to be better explained”



Pie baking analogy:

1 kg pie= .2 kg(sugar)+.3 kg(flour)+

               .1 kg(water)+.5 kg (apples)+


-.1 kg(evaporation)

Voila! It is very natural!



An unnatural recipe:

1kg(pie)=.2 kg(sugar)+.3 kg(flour)+.5 kg(apples)+

            10^4 kg(water)-10^4 kg(evaporation)

mathematically, it is possible- 

but success seems highly implausible: 


it is fine-tuned and hence

unnatural





EW naturalness: why are m(W,Z,h)~100 GeV

while m(sparticles)~>1 TeV?

Let O ⌘ m2
Z

EW minimization conditions relate m(Z) to SUSY Lagrangian parameters 
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• superpotential Higgs/higgsino mass contribution µ ⇠ 100� 200 GeV

• TeV scale highly mixed top squarks minimize ⌃
u

u

(and raise mh ⇠ 125 GeV)

Most important inference:

light higgsinos of mass mu~100-200 GeV hard to see at LHC


but easily discovered at ILC with p
s > 2m(higgsino) ⇠ 200� 500 GeV!

HB, Barger, Huang, Mustafayev, Tata

Chan, Chattopadyaya, Nath

Perelstein, Shakya

HB, Barger, Huang

Low value of �EW ⌘ |max of each term on RHS|/(m2
Z/2)

is most conservative, unavoidable naturalness condition



How much is too much fine-tuning?

Visually, large fine-tuning has already developed by µ ⇠ 350 or �EW ⇠ 30

HB, Barger, Savoy

Nature is natural ) �EW < 20� 30 (take 30 as conservative)



#3. What about EENZ/BG measure?
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applied to pMSSM, then �BG ' �EW

apply to high (e.g. GUT) scale parameters

applied to most parameters, 

pi are the theory parameters

�BG large, looks fine-tuned for e.g. mt̃1 ⇠ 1 TeV

�BG(Q3) ' 0.73 10002

91.22 ⇠ 100



#3. What about EENZ/BG measure?
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applied to pMSSM, then �BG ' �EW

What if we apply to high (e.g. GUT) scale parameters ?

For correlated scalar masses ⌘ m0,
scalar contribution collapses:
what looks fine-tuned isn’t: focus point SUSY
multi-TeV scalars are natural

Feng, Matchev, Moroi

Even with FP, still

fine-tuned on m(gluino) :(



But wait! in more complete models, 

soft terms not independent

e.g. in SUGRA, for well-specified hidden sector, 
each soft term calculated as multiple of m(3/2); 

soft terms must be combined!

using µ2 and m2
3/2 as fundamental,

then �BG ' �EW even using high scale parameters!

since µ hardly runs, then

m2
Z

' �2µ2 + a ·m2
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' �2µ2 � 2m2
Hu

(weak)

m2
Hu

(weak) ⇠ �(100� 200)2 GeV2 ⇠ �a ·m2
3/2/2

violates prime directive!

in general:



bounds from 
naturalness

(3%)
BG/DG Delta_EW

mu 350 GeV 0.35 TeV

gluino 400-600 GeV ~6 TeV

t1 450 GeV 3 TeV

sq/sl 550-700 GeV 10-30 TeV

h(125)  and LHC limits are perfectly compatible 
 with 3-10% naturalness: no crisis for SUSY!



There is a Little Hierarchy, but it is no problem
µ ⌧ m(soft) is OK



Smoking gun signature: light higgsinos at ILC:

ILC is Higgs/higgsino factory!

3-15 GeV higgsino mass

gaps no problem


in clean ILC environment

�(higgsino) � �(Zh)

HB, Barger, Mickelson, Mustafayev, Tata
arXiv:1404:7510
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SUSY mu problem: mu term is SUSY, not SUSY breaking: 
expect mu~M(Pl) but phenomenology requires mu~m(Z)

• NMSSM: mu~m(soft); but beware singlets!


• Giudice-Masiero: mu forbidden by some symmetry: generate 
via Higgs coupling to hidden sector: mu~m(soft)


• Kim-Nilles: invoke SUSY version of DFSZ axion solution to 
strong CP: 

KN: PQ symmetry forbids mu term, 

but then it is generated via PQ breaking
Little Hierarchy due to mismatch between 

PQ breaking and SUSY breaking scales?

Higgs mass m(h)~mu 

tells us where to look for axion! ma ⇠ 6.2µeV

✓
1012 GeV

fa

◆

Why might mu<<m(soft)?

m(soft) ⇠ m3/2 ⇠ m2
hidden/mP

µ ⇠ �µf2
a/mP

fa < mhidden )
µ ⌧ m(soft)



HB, Barger, Sengupta, arXiv:1810.03713

1. Global symmetries fundamentally incompatible with gravity completion

2. Expect global symmetry to emerge as accidental (approximate) symmetry


from some more fundamental gravity-safe (e.g. gauge or R-) symmetry

3. Krauss-Wilczek: gauge symmetry with charge Ne object condensing


leaves charge e fields with Z_N discrete gauge symmetry

4. Babu et al.: Z22 symmetry works but charge 22 object in swampland?


5. Better choice: discrete R-symmetries which arise from 

compactification of extra dimensions in string theory

A model which works: Z(24) R symmetry

• Lowest dimension PQ breaking operator contributing to scalar PQ poten-
tial ⇠ 1/m8

P : enough suppression so that PQ is gravity-safe

• Also forbids/suppresses RPV/p-decay operators

• µ ⇠ �µf2
a/mP

Gravity safe, electroweak natural axionic
solution to strong CP and SUSY µ problems

W 3 fuQHuU
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(see also Lee et al.)



natural: EWS is 
barely broken

unnatural

EWS not broken

radiative corrections drive m2
Hu

from unnatural
GUT scale values to naturalness at weak scale:
radiatively-driven naturalness

What about m(Hu)^2?



Landscape of string theory vacua provides 

solution to cosmological constant

nvac ⇠ 10500?

Weinberg; Bousso Polchinski; Denef Douglas;…

Can similar reasoning explain scale of soft SUSY breaking?



Statistical analysis of SUSY breaking scale in IIB theory: 

M. Douglas, hep-th/0405279

• string theory landscape contains vast ensemble of  N=1, d=4 SUGRA 
EFTs at high scales


• the EFTs contain the SM as weak scale EFT

• the EFTs contain visible sector +potentially large hidden sector

• visible sector contains MSSM plus extra gauge singlets (e.g. a PQ 

sector, RN neutrinos,…)

• SUGRA is broken spontaneously via superHiggs mechanism via either 

F- or D- terms or in general a combination

start with 10^500 string vacua states



Why do soft terms take on values needed for

natural (barely-broken) EWSB?


 string theory landscape?

• assume model like MSY/CCK where µ ⇠ 100 GeV

• then m(weak)2 ⇠ |m2
Hu

|

• If all values of SUSY breaking field
hFXi equally likely, then mild (linear)
statistical draw towards large soft terms

• This is balanced by anthropic requirement
of weak scale mweak ⇠ 100 GEV

Anthropic selection of mweak ⇠ 100 GeV:
If mW too large, then weak interactions
⇠ (1/m4

W ) too weak
weak decays, fusion reactions suppressed
elements not as we know them

m(weak) <⇠ 400 GeV (Agrawal et al.)



DD observation: W0 distributed uniformly as complex variable allows dynamical
neutralization of ⇤ while not influencing SUSY breaking

Then, number of flux vacua containing spontaneously broken SUGRA with
SUSY breaking scale m2

hidden is:

n = 2nF + nD � 1

fSUSY ⇠ mn
soft

landscape favors high scale SUSY breaking

tempered by f(EWFT) anthropic penalty!

• fcc ⇠ ⇤/m4 where DD maintain m ⇠ mstring and not mhidden

• fSUSY (m2
hidden) ⇠ (m2

hidden)
2nF+nD�1 for uniformly distributed values of

F and D breaking fields

• fEWFT ⇠ m2
weak/m

2
soft (?) where msoft ⇠ m3/2 ⇠ m2

hidden/mP

dNvac[m
2
hidden,mweak,⇤] = fSUSY (m

2
hidden) · fEWFT · fccdm2

hidden

Denef&Douglas: statistics of SUSY breaking in landscape



What about DD/AD anthropic penalty fEWFT ⇠ m2
weak/m

2
soft ?

This fails in a variety of practical cases:

• A-terms get large: ) CCB minima

• m2
Hu

too large: fail to break EW symmetry

Must require proper EWSB!
Even if EWS properly broken, then

• large At reduces EWFT in the ⌃u

u
(t̃1,2)

• large m2
Hu

(mGUT ) needed to radiatively drive m2
Hu

to natural value at
weak scale

Better proposal: fEWFT ) ⇥(30��EW )
keeps calculated weak scale within factor ⇠ 4 of measured weak scale
mweak ⌘ mW,Z,h ⇠ 100 GeV

Assume µ ⇠ 100 � 200 GeV via e.g. rad PW breaking: then mZ variable and
may be large depending on soft terms m2

Hu,d
and ⌃u,d

u,d
(i)



statistical draw to large soft terms balanced by 
anthropic draw toward red (m(weak)~100 GeV): 

then m(Higgs)~125 GeV and natural SUSY spectrum!

HB, Barger, Savoy, Serce, PLB758 (2016) 113
Giudice, Rattazzi, NPB757 (2006) 19;

mHu = 1.3m0

Denef, Douglas, JHEP0405 (2004) 072



statistical/anthropic draw toward FP-like region

m0 = 5 TeV



Recent work: place on more quantitative footing:

scan soft SUSY breaking parameters in NUHM3 model 


as m(soft)^n along with f(EWFT) penalty

(flat)

mu=150 GeV (fixed)

HB, Barger, Serce, Sinha, JHEP1803 (2018) 002



Making the picture more quantitative:

m(h)~125 most favored for n=1,2

dNvac[m
2
hidden,mweak,⇤] = fSUSY (m

2
hidden) · fEWFT · fccdm2

hidden

HB,Barger, Serce, Sinha



What is corresponding distribution for gluino mass?

typically beyond LHC 14 reach (may need HE-LHC)



and m(t1)?



first/second generation sfermions pulled

to 10-30 TeV thus softening any SUSY flavor/CP problems



What role would ILC play 

with predicted light higgsinos?
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soft visible particles since small higgsino mass gaps
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E(`+`�) and m(`+`�) measurements ) m�̃0
2
and m�̃0

1
to ⇠ 1% typically



E(jj) and m(jj) measurements ) m�̃±
1
and m�̃0

1
to ⇠ 1% typically

m(jj)



• weak scale fits ) absolute higgsino masses and mass gaps

• masses and gaps allow sensitivity to gaugino massesM1(bino) andM2(wino)

• combine with polarized beam �s

• combine with fits to h properties

• extract gaugino masses and other SUSY parameters



Check scale for M1=M2 ino mass unification?

Combine with LHC gluino mass measurement?



Compare with mirage unification scenario where gaugino masses

unify at intermediate scale:



Can also test WIMP dark matter properties:

Higgsino-like DM underproduced-

cross check with direct detection rates:

confirm need 2nd DM particle: axion?



Conclusions:
• Naturalness: light higgsinos ~100-300 GeV


• Stops, gluinos OK in multi-TeV range


• mu emerges from gravity-safe SUSY axion model: Z(24)^R


• DM= axion+higgsino admixture


• natural soft terms, m(h)=125 GeV from statistics of string landscape


• ILC500: SUSY discovery machine and higgsino factory


• precision higgsino measurements allow tests of gaugino unification



• higgsino-like WIMPs thermally underproduced 

• 3 not four light pions => QCD theta vacuum 

• EDM(neutron) => axions: no fine-tuning in QCD sector 

• SUSY context: axion superfield, axinos and saxions 

• DM= axion+higgsino-like WIMP admixture 

• DFSZ SUSY axion: solves mu problem with mu<< m_3/2! 

• ultimately detect both WIMP and axion?

What happens to SUSY WIMP dark matter?



usual picture mixed axion/WIMP=>

much of parameter space is axion-dominated 
with 10-15% WIMPs

KJ Bae, HB, Lessa, Serce



=>



mainly axion CDM

for fa<~10^12 GeV;

for higher fa, then 
get increasing wimp


abundance

higgsino abundance

axion abundance

Bae, HB,Lessa,Serce



Direct higgsino detection rescaled 
for minimal local abundance

Can test completely with ton scale detector

or equivalent (subject to minor caveats)

Bae, HB, Barger,Savoy,Serce

Xe-1-ton

now operating!

⇠ ⌘ ⌦TP
� h2/0.12

natural SUSY



Conclusion: SUSY is alive and well!

• old calculations of naturalness over-estimate fine-tuning


•  naturalness: Little Hierarchy mu<< m(SUSY) allowed


•  radiatively-driven naturalness: mu~100-200 GeV, m(t1)<3 TeV, m(gluino)<5-6 TeV


•  SUSY DFSZ axion: solve strong CP, solve SUSY mu problem; generate mu<< m(SUSY)


•  landscape pull on soft terms towards RNS, m(h)~125 GeV


• natural mirage-mediation/mini-landscape


•  natural NUHM2: HL-LHC can cover via SSdB+Z1Z2j channels 


• natural mirage/mini-landscape may escape detection at HL-LHC; need LHC33!


• expect ILC as higgsino factory


•  DM= axion+higgsino-like WIMP admixture: detect both?


• higgsino-like WIMP detection likely; axion more difficult



#2: Higgs mass or large-log fine-tuning

then

neglect gauge pieces, S, mHu and running;

then we can integrate from m(SUSY) to Lambda

�HS ⇠ �m2
h
/(m2

h
/2) < 10 mt̃1,2,b̃1

< 500 GeV

mg̃ < 1.5 TeV

�HS

At can’t be too bigold natural SUSY
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It is tempting to pick out one-by-one 

quantum fluctuations but must combine log divergences


before taking any limit
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In zeal for simplicity, have made several 

simplifications: most egregious is that one

sets m(Hu)^2=0 at beginning to simplify

What’s wrong with this argument?

violates prime directive!

m2
Hu

(⇤) and �m2
Hu

are not independent!

The larger m2
Hu

(⇤) becomes, then the
larger becomes the cancelling correction!

HB, Barger, Savoy



To fix: combine dependent terms:

m2
h
' µ2 +

�
m2

Hu
(⇤) + �m2

Hu

�
where now both

µ2 and
�
m2

Hu
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Hu

�
are ⇠ m2

Z

After re-grouping: 

�HS ' �EW

�HS ' �EW

�HS ' �EW

Instead of: the radiative correction �m2
Hu

⇠ m2
Z

we now have: the radiatively-corrected m2
Hu

⇠ m2
Z



Recommendation: put this horse out to pasture

R.I.P.

�m2
Hu

⇠ � 3f2
t

8⇡2

�
m2

Q3
+m2

U3
+A2

t

�
ln(⇤/mSUSY )

sub-TeV 3rd generation squarks not required for naturalness



If one has the right parameter correlations, can always

get generalized focus point behavior for mHu:

µ ' 150 GeV

HB, Barger, Savoy



�EW = 17.6



To generate minilandscape, take:
cm = 16⇡2/↵)2 so that m0(1, 2) ' m3/2

Then get upper bound m3/2 < 25� 30 TeV and ↵ > 7
else too large m0(1, 2) drives 3rd generation tachyonic

Increased upper bound on m(gluino)<6 TeV
Alpha bound => mirage unif scale >10^11  GeV 


(not too much compression of inos)

Martin, Vaughn, 2-loop RGEs



Due to compressed gaugino spectra, minilandscape

can probably hide from HL-LHC while maintaining naturalness












