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All MSSM-variants are unnatural?

• Natural SUSY (1st/2nd generation sfermions heavy)

• R-Parity breaking: B violation (hide via hadrons)

• Hide and Seek (compressed “just-so” spectra and decays)                  Many�`coincidences’�
needed�so�still�tuned

Gluino�bounds�already�
imply�~1%�tuning}

So�must�we�give�up�search�for�fully�natural�theory??

eg



MSSM

NMSSMcMSSM

[…]MSSM+�new�gauge�
structure

Supersymmetric Theory Space

What�has�been�explored



MSSM

NMSSMcMSSM

[…]MSSM+�new�gauge�
structure

MNSUSY

+�U(1)’+�VL�leptons

(never�well�described�by�softly�
broken�4D�SUSY!)

but�disconnected�continents..

+�singlet

???

Supersymmetric Theory Space

???



Topic of talk…

(2) Natural Spectrum + EWSB 

(1) Scherk-Schwarz SUSY (non-local in 5D breaking using R-symmetry twist) 

(3) LHC pheno (very brief)

(4) Auto-concealment of SUSY 



Important�previous�work:

Antoniadis,�Dimopoulos,�Pomarol,�Quiros�-�1998�
Delgado,�Pomarol,�Quiros�-�1998�
Delgado,�Quiros�-�2001 
Barbieri,�Hall,�Nomura�-�2000,�2001 
Hall,�Marandella,�Nomura�et�al.�-�2002 
Barbieri,�Marandella,�Papucci�-�2002,�2003



The Basic Setup

Gauge,�Higgs,��
(&�1st�+�2nd�Gen)

5D�`N=2’�SUSY}

3rd�Gen

}4D�SUSY

R�~�1/TeV�~�1/msoft

fundamental scale: 
M5 ⌘ M⇤ ⇠ 30� 100 TeV

(                    by perturbativity)⇡M⇤R ⇠ 30



Impose a non-trivial periodicity condition along the extra dimension for 
5D fields (a twist along the extra dimension): 

 

T : generator of               symmetry 

              the twist shifts the masses of the different 
                 components of a 5D supermultiplet

SU(2)R

)

�(xµ
, y + 2⇡R) = e

i2⇡↵T�(xµ
, y)

generator�of�global�
symmetry�of�5D�theory

Scherk-Schwarz�parameter

(1) Scherk-Schwarz SUSY (SSSB)  



For example, for a vector supermultiplet:

- compactification on           :S1/Z2

…

0

1/R

V a
µ �a �̄a �̄a

N=2�SUSY�
broken�to�

N=1

Neumann�bc’s�(+) Dirichlet�bc’s�(-)

(1) Scherk-Schwarz SUSY (SSSB)  



 
 
- Scherk-Schwarz SUSY breaking:

⇠ ↵/R

⇠ ↵/R

…

0

1/R

V a
µ �a �̄a �̄a

N=1�SUSY�
fully�broken�
by�the�twist

(1) Scherk-Schwarz SUSY (SSSB)  

For example, for a vector supermultiplet:



and for maximal twist               (↵ = 1/2)

m2
� = m2

�̄ =

✓
2n+ 1

2R

◆2

Dirac�gauginos!

…

0

1/R

V a
µ �a �̄a �̄a

⇠ 1/2R

⇠ 1/2R

}
An accidental            symmetry is recovered in the limit of 
maximal twist

U(1)R

(1) Scherk-Schwarz SUSY (SSSB)  



 
 
 
 
 
 
 
 
 
Forbidden by the R-symmetry: 
 
-  Higgsino and Majorana gaugino masses 
-  A-terms }

helps�solve�
the�SUSY�

flavour�problem

etc…

Scherk-Schwarz with maximal twist is a 
special point in terms of symmetries

)

Maximal SSSB Twist



y = 0 y = ⇡R
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fermion�zero�
scalar�zero�

f
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(f = q, u, d, l, e)

Dirac�

Vanishing�at�

non-vanishing�at�

0

1

2R

1

2R
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R

…�+�A�FULL�KK�

⌘ S1/(Z2 ⇥ Z 0
2) orbifold

Maximal SSSB Twist



Direct & universal 
bulk soft masses

m2
f̃
= m2

�̃
= m2

H̃
=

1

2R

Almost exact 
Dirac Masses

mH̃H̃H̃c m�̃�̃�̃
c

No�SUSY�
flavor�problem!

y = 0 y = ⇡R

SU(3)⇥ SU(2)⇥ U(1) Hu, Hd

f1,2 (f = q, u, d, l, e)f3

No�tree-level�
tuning!!�

m2
f̃3

= m2
hu,d

= 0

locality zero�mode
leading rare flavor from SM KK, see 
I. Garcia Garcia, JMR: 1409.5669

Tree-level Scherk-Schwarz Spectrum

U(1)R



SUSY loops finite (as�must�go�from�brane�to�brane)

y = 0 y = ⇡R

+

-+

+

+-

- -

N=1��
multiplet

N=1��
multiplet

N=1’��
multiplet

N=1’��
multiplet

Aµ

�̃

�̃c

⌃

“Messenger�Scale”
1

⇡R
!!⇤ ~ ~ TeV

Exceptional Softness of Scherk-Schwarz

100�TeV�:�~12�
Mgut�����:�~70

cf.�usually�1-loop�masses:
m̃2 ⇠ g2

16⇡2
(TeV)2 ln

⇤2

TeV2



SU(3)⇥ SU(2)⇥ U(1)
Hu, Hd

f1,2 (f = q, u, d, l, e)f3

1-loop

�m̃2
i ' 7⇣(3)

16⇡4R2

✓ X

I=1,2,3

CI(i)g
2
I + Ct(i)y

2
t

◆

m2
t̃ ⇡

✓
1

10
⇥ 1

R

◆2

⇡
✓
1

5
⇥M3

◆2

m2
Hu

⇡
✓

1

30
⇥ 1

R

◆2 1/R�~�4�TeV�for�natural��
weak�scale!�

Large�stop-gluino�
hierarchy�

(gluino�doesn’t�suck)

Loop-level Scherk-Schwarz Spectrum



Crucial extra ingredient -                      - necessary to give zero CC after 
radius stabilisation

X

hFXi 6= 0

4D N = 1 SUSY
orbifold brane

4D N = 1 SUSY
orbifold brane

5D SUSY

F3

GSM , F1,2, Hu,d

Leads to new sources of soft masses via higher-dim ops (this F-term triggered by 
SSSB so still no log enhancements)

Radius Stabilization & CC

�m2
f̃3

⇠ F 2
X

M2
⇤
⇠

✓
1

20
⇥ 1

R

◆2

(comparable�to�1-loop)

Vvac ' �
✓

1

⇡R

◆4

+ |FX |2



• At tree level, the Higgs mass squared vanishes

• At loop level

�m2
Hu

��
EW

⇡ 7⇣(3)

16⇡4R2

3

4
g22 ⇠

✓
1

20R

◆2
1-loop�contribution�from�EW�sector

�m2
Hu

��
yt

⇡ �3y2t (µ)

16⇡2
(m̃2

Q3
(µ) + m̃2

Ū3
(µ))log

✓
µ2

m̃Q3(µ)m̃Ū3
(µ)

◆����
µ= 1

⇡R

2-loop�piece�from�top�sector�(+�finite�+�3-loop�
leading�log�included�in�numerics)

EWSB?

Barbieri, Marandella, Papucci, ’02,’03;

Dimopoulos, Howe, JMR; ‘14

Garcia Garcia, Howe, JMR; ‘15
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Total�Scherk-Schwarz�Contribution:�
NO�EWSB

1-loop�electroweak�

2-loop�
stop-gluino

EWSB?

Note�scale:�very�close�to�EWSB�->�small�perturbations�important�



�Km2
H
= �(y)

cH
M3

5

X†XH†
uHu

�Km2
t̃
= �(y)X†X

✓
cQ
M2

5

Q†
3Q3 +

cU
M2

5

U c†
3 U c

3

◆

For light scalar modes & EWSB higher-dimension operators involving X
also make important contribution

leading HDOs in our range of parameters 

EWSB & Max Natural SUSY

cf down-like Yukawas (more later):
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      NO tan�, Bµ, µ

H†
uhHui 6= 0ONLY                 .  Down-like quark and lepton masses from Kahler couplings to 

 

R. Davies, JMR, M. McCullough, arXiv1103.1647

�(y)(Hu(y)
†X†)

✓
ỹb

M
5/2
5

Q3D
c
3 + ...

◆

Physical�Higgs�is�automatically�SM-like�up�to�loop-level�effects!��

Who is Higgs?

Single-Higgs-doublet SUSY is realised in these models 

(Hd�is�an�inert�spectator)



t̃L,R, b̃L,R

Gauginos + higgsinos

... }

SM (1)
KK excitations

N = 2 SUSY superpartners{ ..

1/2R ⇠ 2TeV

⇠ 0.7TeV

1/R ⇠ 4TeV

1st/2nd family sfermions

⇠ few 0.1TeV

⌧̃R, hd

⌧̃L, ⌫̃3L
(any�ordering�possible�
for�3rd�generation!)

direct�
tree-level�SSSB

1-loop�SSSB�

FX~1/R2�couplings

Overall Spectrum



In the minimal version of the model, to get the correct 
Higgs mass one needs                 stops (                     )
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Figure 5. Higgs pole mass in pure SSSB with two-loop NLL calculation of Yukawa contributions
and 1-loop EW contributions. The horizontal axis is the lightest stop soft mass. Here we have taken
the FX contribution to the stop masses to vanish, so the stop mass is related to the compactification
radius 1/R just by Eq.(3.1) giving mt̃ ⇡ 1

10
1
R . The dashed bands show the uncertainty for MS top

mass mt(Mt) = 160+5
�4 GeV.

which can be related to the FX contribution to the Hu mass-squared parameter in Eq.(3.10)

as (for NDA values of the corresponding coe�cients)

��̂X ⇠ 10�4

✓
25

M⇤⇡R

◆
3 �m2

Hu,X

1/(25R)2
. (3.17)

Thus, even for an NDA value of the coe�cient (c� ⇡ (24⇡2)2), the HDO in Eq.(3.15) results

in a negligible contribution to the e↵ective Higgs quartic, unless SUSY breaking from FX is

so large that it dominates completely over the SSSB e↵ects in the Higgs potential, leading to

a large tuning of the weak scale.

4 Extended Sectors

What should we expect in general from a solution to the Higgs mass problem in the SSSB

framework?

* generate new contribution at scale around 1/L

* soft SUSY breaking will come at tree-level or loop-generated from scherk-schwarz, so

no UV sensitivity

* formula for estimated e↵ect on tuning from quartic hard breaking at scale 1/L

* Intuition about needing to roughly double shift in quartic and Higgs soft mass contri-

butions

– 21 –

mt̃ (TeV)

mh (GeV)

1-loop�EW�
+�

) 1 % tuning!

125 GeV Higgs?
But…

& 4 TeV

(model automatically realises                      limit of MSSM higgs mass without flavour problems)tan� ! 1

1/R ⇠ 40TeV



 

• EWSB happens with low tuning for                              
and it is OK with all constraints 

• Achieving a 125 GeV Higgs with heavy stops implies  
~ 1% tuning

�m2
Hu

⇠ �3|yt|2

4⇡2
(m2

t̃ +
1

2

|At|2) log
✓
⇤

m̃

◆0
but�this�is�still�much�better�than�in�the�MSSM�!

1/R ⇠ 4� 10 TeV

Summary so far…



Is�it�possible�to�extend�MNSUSY�
to�achieve�the�correct�Higgs�
mass�at�a�low�value�of�1/R  

so�maintaining�low�tuning…?

125 GeV Higgs?



Gauge�
Extensions

Singlets�-�cf�
NMSSM

Higgs�Mass

Maximally��
Natural�
SUSY

125 GeV Higgs?

Vector-
like�states



• Extra gauge group that generates a non-decoupling 
D-term for the Higgs quartic

• Simplest choice:          in the bulk with breaking scale 
comparable to the scale of SUSY breaking

• Experimental constraints require the new          to be 
broken at scale                     

U(1)0

U(1)0

Dimopoulos, Howe, JMR; arXiv:1404.7554

Garcia Garcia, Howe, JMR; arXiv:1510.07045

U(1)0

mZ0 & 3 TeV

MNSUSY+U(1)’



TUNING�~30%(!)�
For�~700�GeV�Stop�&��

2.5�TeV�Gluinos/Squarks�

~10%�Tuned�
within�LHC13�Reach�

�m2
h ⇠ � 3y2t

4⇡2
M2“Maximal”�~�saturates�one-loop�tuning�

h h
t

Tuning: U(1)’ Variation
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Figure 9. Fine-tuning ��1 (solid lines) as function of 1/R and the Z 0 mass, Eq.(4.12). Iso-
contours of stop mass are dashed. Limits from LHC8 searches for t̃ ! t + MET[57, 58] (red) and
Z 0 resonance searches [59, 60] (green) are shaded. Subdominant limits mg̃ ⇡ 1/(2R) & 1.3 TeV from
g̃ ! tt/bb + MET searches (blue) are also shaded [61, 62].

roles of the extra source of SUSY breaking so far parameterised by FX . When �̃S has its

NDA value ⇠
p

24⇡3, FS ⇠ 1/(⇡R)2 is a brane-localized F-term that can communicate soft

masses through additional HDOs in addition to the predictive loop level IR communication

we have discussed. The tree-level potential due to F�1,2
and FS will generate a contribution

to the radion potential of the Goldberger-Wise form [56], which can allow the radion to be

stabilised at vanishing CC. A hierarchy between f and M⇤ is technically natural, and the role

of the tree-level potential in stabilising the radius may allow the relationship between scales

f ⇠ 1/R ⌧ M⇤ to be dynamically realised. Thus we see that the U(1)0 extension is both

minimally tuned, and possesses attractive features from a theoretical persepctive.

4.3 Singlet Extension

It is well known that when the MSSM is extended to include a SM singlet coupling to both

Hu and Hd, and when both Higgs doublets get a non-zero vev, an additional tree-level con-

tribution to the Higgs mass is present. In view of the simplicity of this idea, one could try

to implement a similar mechanism in the current 5D framework. The reason why such pos-

sibility has not been explored yet is that in the context of the original MNSUSY theory [8]

the doublet Hd was assumed not to get a vev and, since there is no need for a µ or Bµ term,

– 27 –
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1

R
(TeV)

stop�
searches

Z’�searches



Unification?

Can get an extended version of 5d SU(3)EW unification (with tree-level s2=1/4)

�Scale�preferred�by�
SU(3)EW�unification�
(1/R=4.4TeV)�agrees�
with�1/R�of�MNSUSY�
at�low�tuning!

 Junwu Huang, JMR; Unified Maximally Natural Supersymmetry, arXiv:1607.08622



Unification?

Can get an extended version of 5d SU(3)EW unification (with tree-level s2=1/4)

After log differential running get s2 = 0.2315 to 1% uncertainty!

 Junwu Huang, JMR; Unified Maximally Natural Supersymmetry, arXiv:1607.08622



Unification?

If you want can further unify SU(3)EW with SU(3)c and U(1)' into SU(6) 
theory in 6d

 Junwu Huang, JMR; Unified Maximally Natural Supersymmetry, arXiv:1607.08622

for�complicated�details�see�
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t̃L,R, b̃L,R

⌧̃L, ⌫̃3L

⌧̃R

LSP(variety�of�possibilities)

No�Higgsino�

gluino,�neutralinos,�higgsinos�
~3-5�x�stop�mass�

Colored�production�
dominant?�

(3) LHC Pheno: 3rd Generation Sfermion Signatures



Natural�Candidates�for�
(collider-stable)�LSP:�

FX~1/R2

Brane-localized��
goldstino�

of�X�SUSY�breaking

 X

( )

1) 2)
Brane-localized��
left�handed�
sneutrino

⌫̃3 4)G̃bulk

n-dimensional�
Gravitational�BULK�

states

3)f̃3
Brane-localized��
meta-stable��

charged�sfermion�
(CHAMP:�

out-of-time�decays,�
dE/dx,�…)

(bulk�decay�kinematics,�
displaced�vertices,�…)

t̃R

⌫̃

⌫)( )(

LSP Candidates



t̃R

⌫̃

⌫

t̃L,R, b̃L,R

⌧̃L, ⌫̃3L

⌧̃R
t

( )⌫̃

t̃L
b

⌧

⌫̃
⌧̃R

W
⌧

t̃R t

…

3-body�Kinematics,�taus�+�b’s�final�states,�…

H̃

t̃R t
Reduced�MET?�

Alves�et.�al.�arXiv:1312.4965

ATLAS-CONF-2014-014�
ATLAS-CONF-2013-026

LSP: New Signatures of Naturalness?⌫̃3



Natural�Candidates�for�
(collider-stable)�LSP:�

FX~1/R2

Brane-localized��
goldstino�

of�X�SUSY�breaking

 X

( )

1) 2)
Brane-localized��
left�handed�
sneutrino

⌫̃3 4)G̃bulk

n-dimensional�
Gravitational�BULK�

states

3)f̃3
Brane-localized��
meta-stable��

charged�sfermion�
(CHAMP:�

out-of-time�decays,�
dE/dx,�…)

(bulk�decay�kinematics,�
displaced�vertices,�…)

t̃R

⌫̃

⌫)( )(

LSP Candidates

Qualitatively�new��
behaviour!�



“Decaying to the Bulk”

R�~�1/TeV

L�~�1/MeV�-�1/meV

(4) Auto-Concealment of SUSY  



L�~�1/MeV�-�1/meV

MSSM�+�SUSY

msoft~TeV

Bulk�States�
(Gravitino,�Axino,�Modulino...)

mbulk ~1/L

Bu
lk�
Dec

ays

[effective�3-brane]

Auto-Concealment of SUSY  



Visible�sparticles�

LOSP

LSP(0)

Bulk�sparticles�

LSP(1)
LSP(2)
LSP(3)
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Auto-Concealment of SUSY  
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Auto-Concealment of SUSY  

Decays�to�bulk�KK�modes�dynamically�
realise�compressed�spectrum

eg,�stop�case
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Auto-Concealment of SUSY  

typically�reduces�stop�limits�by�200-300�GeV



Gauge,�Higgs,��
(&�1st�+�2nd�Gen)

5D�SUSY}

3rd�Gen

}4D�SUSY

R�~�1/TeV�~�msoft

d-dimensional�bulk�1) Locality + Low-scale of SSSB
   => maximally natural spectrum

3) Pheno:
(i) 3rd generation sfermions
(ii) New (generic?) signatures:
3-body decays. Decays to bulk 
states & auto-concealment
(iii) …

2) Direct tree-level universal 
SSSB masses
=> Heavy Higgsinos w/o tuning
=> SUSY flavor safe

Spectra�
variations

Gauge�
Unification …

Conclusions



•No�tree-level�tuning�(no�mu-term!)�

•SSSB�is�super-soft�as�it�is�a�non-local�(in�5d)�breaking�of�
SUSY:�No�logs;�higgs�soft�mass�not�enhanced;�gluino�sucks�
problem�solved�

•Natural�SUSY�spectrum�easy�to�obtain�via�localization�of�
the�3rd�family�on�4D�brane�(also�vital�for�successful�EWSB)�

MNSUSY Summary: 
Reasons for Naturalness


