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Beyond the Standard Model 

Lecture 1

•Supersymmetry and the Hierarchy Problem

•New Dynamics at the TeV scale:  the Higgs as a 
  (pseudo) Nambu-Goldstone Boson

Lecture 2

Lecture 3

•Why do we need to go Beyond the SM ?

•The Hierarchy Problem: what do we need to solve it ?
{
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Beyond the Standard Model II - SUSY

•Supersymmetry: a solution to the Hierarchy Proble

•The MSSM 

3

•Basic elements  of  SUSY theories

•The MSSM and the Higgs
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Supersymmetry and the Hierarchy Problem
Protecting Fermion Masses: Chiral Symmetry

Fermion masses  only log divergent. E.g. QED

δme �
α

4π
m0

e ln

�
Λ

me

�

Chiral symmetry protects me to all orders in PT

δme −→ 0 for m0
e1.

2. Divergence is logarithmic
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Supersymmetry and the Hierarchy Problem

Introduce a fermionic partner of the Higgs: Higgsino 

How to protect the Higgs mass ? 

Need symmetry to relate Higgs (boson) to Higgsino (fermion)

Supersymmetry⇒
(H, H̃)Higgs and Higgsino form a SUSY multiplet

no     dependence Λ if SUSY exact
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Supersymmetry and the Hierarchy Problem
What about the top quark         divergence ?Λ2

All fermions will have a scalar partner and viceversa

(t, t̃)

stop quark t̃ forms SUSY multiplet with t

No divergences in exact SUSY 

λt λt

λ2
t

mt mt
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Supersymmetric Theories 

Matter in Chiral Supermultiplets: 
Complex scalar

Weyl fermion{

Gauge in Vector Supermultiplets:{Vector field

Fermion
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Supersymmetric Theories 
Superspace

Chiral superfield

yµ = xµ − θσ̄µθ̄Coordinates
θ: two-component Grassman spinor θα, θ†α ≡ θ̄α̇

Φ(y) = φ(y) +
√
2 θψ(y) + θ2 F (y)

+
√
2θ ψ(x) +

i√
2
θ2∂µψ(x)σ

µθ̄ + θ2 F (x)

= φ(x)− iθσµθ̄ ∂µφ(x)−
1

4
θ2θ̄2 ∂2φ(x)
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SUSY in Superspace 

θ and θ̄•  ⇒ θn = 0 for n ≥ 3

•  selects coefficient of θ2
�

d2θ θ2 = 1

d4θ ≡ d2θ d2θ̄•  ⇒
�

d4θ selects coefficient of θ2 θ̄2

•The      component of a CSF is a total derivative under SUSYθ2

⇒
�

d2θW (Φ) is SUSY invariant

•Same for           components  θ2 θ̄2 ⇒
�

d4θK(Φ†,Φ) invariant under
SUSY
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SUSY in Superspace 
E.g. Kinetic terms in free theory

+ total derivatives

�
d4θΦ†Φ = ∂µφ

∗∂µφ+ iψ†σ̄µ∂µψ + F ∗F

= Lfree

Superpotential          :W (Φ) Generates interactions through

�
d2θW (Φ) = Lint.

where  W (Φ) is holomorphic function of Φ
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SUSY in Superspace 
Gauge Superfields

et
aV a

→ et
aΛa†

et
aV a

et
aΛa

Gauge transformation for gauge superfields

Λa : gauge parameter is superfield

⇒ V
a → V

a + Λa† + Λa +O(V aΛa)

For chiral superfields:

Φ → e−gtaΛa

Φ

V a
µ = θσ̄µθ̄Aa

µ + iθ2θ̄λa† − iθθ̄2 λa +
θ2 θ̄2

2
Da
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SUSY Interactions
Gauge-invariant kinetic terms
�

d4θΦ† egt
aV a

Φ = (Dµφ)
†Dµφ+ iψ†σ̄µ Dµψ

+g(φ∗taφ)Da

−
√
2g

�
(φ∗taψ)λa + λa†(ψ†taφ)

�

In addition to usual gauge interactions

+ +
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SUSY Interactions 
Gauge fields kinetic terms: superfield strength

Wa = −σµνθF a
µν(y)− θ2σµ D

µλa(y)− iλa(y) + θDa(y)

is a chiral superfield

�
d2θWa(y)Wa(y) Kinetic terms 

gauge fields

gauginos{
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Supersymmetric Theories 
Summary

�
d2θWa(y)Wa(y)

�
d4θΦ† egt

aV a

Φ

�
d2θW (Φ)

•Gauge and SUSY invariant kinetic terms for matter 

•Gauge and SUSY invariant kinetic terms for gauge fields

•Gauge and SUSY invariant non-gauge interactions
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Supersymmetry

Supersymmetric extension of the SM

Q, ū, d̄ quarks and squarks

L, ē leptons and sleptons

Higgs and higgsinosHu, Hd

(g̃, g)

(W̃±,0,W±,0)

(B̃, B)

gluinos and gluons

winos and SU(2) gauge bosons 

binos and Y gauge bosons

}
}

Chiral Superfields

Vector
Superfields

15
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Supersymmetry

MSSM

•Interactions still determined by SM gauge 

SU(3)C × SU(2)L × U(1)Y

16
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Supersymmetry

•Superpotential

WMSSM = ūYuQHu − d̄YdQHd − ēYeLHd + µHuHd

Yukawa matrix in flavor spaceYu, Yd, Ye

term µ

g, g�, v
} parameters

17
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Soft SUSY Breaking

•Need to break SUSY softly:

Wsoft = −1

2

�
M1B̃B̃ +M2W̃W̃ +M3g̃g̃ + h.c.

�

−Q̃† m2
Q Q̃− L̃† m2

L L̃− ˜̄um2
u
˜̄u† − ˜̄dm2

d
˜̄d† − ˜̄em2

e
˜̄e†

−
�
˜̄uAu Q̃Hu − ˜̄

dAd Q̃Hd + ˜̄eAe L̃Hd + h.c.
�

−m
2
Hu

H
∗
u
Hu −m

2
Hd

H
∗
d
Hd − (bHuHd + h.c)

18
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R Parity

•Additional SUSY-preserving terms in the superpotential

WRPV = αijk
QiLj d̄k + βijk

LiLj ēk + γi
LiHu + δijkd̄id̄j ūk

they violate B and L ! 

}{p+
(e+, µ+)(νe, νµ)

(π0,K0)(π+,K+)

τp > 1033 years ⇒ |α δ| < 10−25

19

Sunday, March 10, 2013



R Parity

20

•Introduce new discrete symmetry, M parity

PM = (−1)3(B−L)

Forbids terms W that violate B, L

•Equivalent to R parity

PR = (−1)3(B−L)+2s

⇒ { PR = +1SM particles have 

PR = −1Superpartners have

Sunday, March 10, 2013
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R Parity

Lightest Supersymmetric Particle (LSP) is stable

decay of LSP forbidden by R parity

Typical SUSY WIMP candidate:

neutralino: admixture ofχ̃0
W̃ , B̃, H̃

In generic SUSY models is possible to obtain the correct Ωχ
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Implications of       for SUSY         mh

+

Superpartner loops cancel quadratic divergences

m2
h = m2

Z cos2 2β +
3m4

t

4πv2

�
log

�
M2

S

m2
t

�
+

X2
t

M2
S

�
1− X2

t

M2
S

��

Xt = At − µ cotβ

MS =
√
mt̃1mt̃2 Stop mass scale

Stop mixing
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SUSY Phenomenology

MSSM with R parity conservation

⇒ jets + Emiss.
T

•Also decays with 1 or more leptons

g̃ → q q̄ χ0
1

•Bounds depend on decay channels/models

pp → g̃g̃, q̃q̃∗, q̃q̃E.g. q̃ → q χ0
1with•  g̃ → q̃ qor

• Or  3-body decays. E.g. 
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24

SUSY Searches at the LHC
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SUSY Searches at the LHC
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SUSY Searches at the LHC

•Assuming direct decays to jets
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SUSY Searches at the LHC
•Assume g̃ → q q̄ χ0

1

Sunday, March 10, 2013



28

SUSY Searches at the LHC

Mass scale [TeV]
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,missTESpin indep. WIMP interaction : monojet + 
,missTESpin dep. WIMP interaction : monojet + 

klm ! ijmHypercolour scalar gluons : 4 jets, 
 + heavy displaced vertexµ : µ qq" 0

1
#$RPV 

,missTEBC1 RPV : 4 lep + 
,missTEBilinear RPV : 1 lep + j's + 
µRPV : high-mass e
%$GMSB : stable 

 R-hadrons : Pixel det. onlyg~Metastable 
 R-hadrons : Full detectort~Stable 
 R-hadrons : Full detectorg~Stable 

±

1
#$ pair prod.) : long-lived ±

1
#$AMSB (direct 

,missTE) : 3 lep + 0
1
#$+2&)+&& 3l(l" 0

2
#$
±

1
#$

,missTE : 2 lep + 0
1
#$&l")&$(l&l~"+

1
#$, -

1
#$

+
1
#$

,missTE : 2 lep + 0
1
#$l"l~, Ll

~
Ll

~ ,missT
Ell) + b-jet + " (GMSB) : Z(t~t~

,missTE : 2 lep + b-jet + 0
1
#$t"t~ (heavy), t~t~

,missTE : 1 lep + b-jet + 0
1
#$t"t~ (heavy), t~t~

,missTE : 0 lep + b-jet + 0
1
#$t"t~ (heavy), t~t~

,missTE : 1/2 lep + b-jet + ±

1
#$b"t~ (light), t~t~

,missTE : 2 lep + ±

1
#$b"t~ (very light), t~t~

,missTE : 3 lep + j's + ±

1
#$t"1b~, b~b~

,missTE : 0 lep + 2-b-jets + 0
1
#$b"1b~, b~b~

,missTE) : 0 lep + 3 b-j's + t~ (real 0
1
#$tt"g~

,missTE) : 0 lep + 3 b-j's + t~ (virtual 0
1
#$tt"g~

,missTE) : 0 lep + multi-j's + t~ (virtual 0
1
#$tt"g~

,missTE) : 3 lep + j's + t~ (virtual 0
1
#$tt"g~

,missTE) : 2 lep (SS) + j's + t~ (virtual 0
1
#$tt"g~

,missTE) : 1 lep + 1/2 b-j's + t~ (virtual 0
1
#$tt"g~

,missTE) : 0 lep + 3 b-j's + b~ (real 0
1
#$bb"g~

,missTE) : 0 lep + 3 b-j's + b~ (virtual 0
1
#$bb"g~

,missTE) : 0 lep + 1/2 b-j's + b~ (virtual 0
1
#$bb"g~

,missT
E + ''GGM : ,missT
E + 0-1 lep + j's + %GMSB : 1-2 

,missTEGMSB : 2 lep (OS) + j's + 
,missTE) : 1 lep + j's + ±

#$qq"g~ (±
#$Gluino med. 

,missTEPheno model : 0 lep + j's + 
,missTEPheno model : 0 lep + j's + 
,missTEMSUGRA/CMSSM : 1 lep + j's + 
,missTEMSUGRA/CMSSM : 0 lep + j's + 

M* scale )# < 100 GeV, tensor D9, Dirac #m(548 GeV , 7 TeV [ATLAS-CONF-2012-084]-1=4.7 fbL

M* scale )# < 100 GeV, vector D5, Dirac #m(709 GeV , 7 TeV [ATLAS-CONF-2012-084]-1=4.7 fbL

sgluon mass (incl. limit from 1110.2693)100-287 GeV , 7 TeV [ATLAS-CONF-2012-110]-1=4.6 fbL

 massq~  decoupled)g~ < 1 m, %, 1 mm < c-510( < 1.5211
'
) < -610((3.0700 GeV , 7 TeV [ATLAS-CONF-2012-113]-1=4.4 fbL

 massg~1.77 TeV , 7 TeV [ATLAS-CONF-2012-035]-1=2.1 fbL

 massg~ = q~  < 15 mm)LSP%(c760 GeV , 7 TeV [1109.6606]-1=1.0 fbL

 mass%&
$ =0.05)312!=0.10, ,

311!(1.32 TeV , 7 TeV [1109.3089]-1=1.1 fbL

 mass%$  < 20)*(5 < tan310 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 massg~ ) > 10 ns)g~(%(910 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 masst~683 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 massg~985 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 mass±

1
#$ ) < 10 ns)±

1
#
$(%(1 < 210 GeV , 7 TeV [ATLAS-CONF-2012-111]-1=4.7 fbL

 mass±

1
#$ ) as above)&

$,l
~
(m) = 0, 0

1
#
$(m), 0

2
#
$(m) = ±

1
#
$(m(60-500 GeV , 7 TeV [CONF-2012-077]-1=4.7 fbL

 mass±

1
#$ )))0

1
#
$(m) + ±

1
#
$(m(2

1) = &
$,l

~
(m) = 0, 0

1
#
$(m(120-330 GeV , 7 TeV [CONF-2012-076]-1=4.7 fbL

 massl~ ) = 0)0

1
#
$(m(93-180 GeV , 7 TeV [CONF-2012-076]-1=4.7 fbL

 masst~ ) < 230 GeV)0

1
#
$(m(115 < 310 GeV , 7 TeV [1204.6736]-1=2.1 fbL

 masst~ ) = 0)0

1
#
$(m(298-305 GeV , 7 TeV [CONF-2012-071]-1=4.7 fbL

 masst~ ) = 0)0

1
#
$(m(230-440 GeV , 7 TeV [CONF-2012-073]-1=4.7 fbL

 masst~ ) = 0)0

1
#
$(m(380-465 GeV , 7 TeV [1208.1447]-1=4.7 fbL

 masst~ ) = 45 GeV)0

1
#
$(m(120-173 GeV , 7 TeV [CONF-2012-070]-1=4.7 fbL

 masst~ ) = 45 GeV)0

1
#
$(m(135 GeV , 7 TeV [CONF-2012-059]-1=4.7 fbL

 massg~ ))0

1
#
$(m) = 2 ±

1
#
$(m(380 GeV , 7 TeV [ATLAS-CONF-2012-108]-1=4.7 fbL

 massb~ ) < 150 GeV)0

1
#
$(m(480 GeV , 7 TeV [ATLAS-CONF-2012-106]-1=4.7 fbL

 massg~ ) = 60 GeV)0

1
#
$(m(820 GeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 50 GeV)0

1
#
$(m(940 GeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 300 GeV)0

1
#
$(m(1.00 TeV , 8 TeV [ATLAS-CONF-2012-103]-1=5.8 fbL

 massg~ ))g~(m) < 0

1
#
$(m(any 760 GeV , 7 TeV [ATLAS-CONF-2012-108]-1=4.7 fbL

 massg~ ) < 300 GeV)0

1
#
$(m(850 GeV , 8 TeV [ATLAS-CONF-2012-105]-1=5.8 fbL

 massg~ ) < 150 GeV)0

1
#
$(m(710 GeV , 7 TeV [1203.6193]-1=2.1 fbL

 massg~ ) = 60 GeV)0

1
#
$(m(1.00 TeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 400 GeV)0

1
#
$(m(1.02 TeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 300 GeV)0

1
#
$(m(900 GeV , 7 TeV [1203.6193]-1=2.1 fbL

 massg~ ) > 50 GeV)0

1
#
$(m(1.07 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

 massg~  > 20)"(tan1.20 TeV , 7 TeV [ATLAS-CONF-2012-112]-1=4.7 fbL

 massg~  < 15)"(tan1.24 TeV , 7 TeV [Preliminary]-1=4.7 fbL

 massg~ ))g~(m)+0
#
$(m(2

1) = ±
#
$(m) < 200 GeV, 0

1
#
$(m(900 GeV , 7 TeV [ATLAS-CONF-2012-041]-1=4.7 fbL

 massq~ )0

1
#
$) < 2 TeV, light g~(m(1.38 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ )0

1
#
$) < 2 TeV, light q~(m(1.18 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ = q~1.24 TeV , 8 TeV [ATLAS-CONF-2012-104]-1=5.8 fbL

 massg~ = q~1.50 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

Only a selection of the available mass limits on new states or phenomena shown.*
 theoretical signal cross section uncertainty.#All limits quoted are observed minus 1

-1 = (1.00 - 5.8) fbLdt+
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: SUSY 2012)
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Hiding SUSY 
Why haven’t we seen it ? 

•Compressed Spectrum

•R-parity Violation

•Natural SUSY

Not enough Emiss.
T

LSP not stable.  Different decay modes. Not enough Emiss.
T

Light higgsinos, 3rd. gen. squarks 

Everybody else heavy

Sunday, March 10, 2013
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Natural SUSY 

1 TeV

Naturalness only requires Higgsinos, stops and gluinos to be “light”
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Natural SUSY 

It’s hard to produce light stops
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Hiding SUSY 

Stop limits

Finding  Natural SUSY is hard
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Implications of       for SUSY         mh

+

Superpartner loops to make Higgs heavier

m2
h = m2

Z cos2 2β +
3m4

t

4πv2

�
log

�
M2

S

m2
t

�
+

X2
t

M2
S

�
1− X2

t

M2
S

��

Xt = At − µ cotβ

MS =
√
mt̃1mt̃2 Stop mass scale

Stop mixing
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SUSY and the Higgs

m2
h = m2

Z cos2 2β +
3m4

t

4πv2

�
log

�
M2

S

m2
t

�
+

X2
t

M2
S

�
1− X2

t

M2
S

��

For mh = 125 GeV
2

as it captures many of the qualitative features that we

will see. We have characterized the scale of superpart-

ner masses with MS ≡
�
mt̃1mt̃2

�1/2
. First, we see that

decreasing tanβ always decreases the Higgs mass, inde-

pendent of all the other parameters (keeping in mind that

tanβ � 1.5 for perturbativity). So we expect to find a

lower bound on tanβ coming from the Higgs mass. Sec-

ond, we see that the Higgs mass depends on Xt/MS as

a quartic polynomial, and in general it has two peaks at

Xt/MS ≈ ±
√
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in

up to four places, leading to up to four preferred values

for Xt/MS . Finally, we see that for fixed Xt/MS , the

Higgs mass only increases logarithmically with MS itself.

So we expect a mild lower bound on MS from mh = 125

GeV.

Now let’s demonstrate these general points with de-

tailed calculations using FeynHiggs. Shown in fig. 1 are

contours of constant Higgs mass in the tanβ, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed

quark and right-handed up-type quark scalar fields). The

shaded band corresponds to mh = 123 − 127 GeV, and

the dashed lines indicate the same range of Higgs masses

but with mt = 172 − 174 GeV. (The central value in all

our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get

mh ≈ 125 GeV, we must have

tanβ � 3.5 (2)

So this is an absolute lower bound on tanβ just from the

Higgs mass measurement. We also find that the Higgs

mass basically ceases to depend on tanβ for tanβ beyond

∼ 20. So for the rest of the paper we will take tanβ = 30

for simplicity.

Fixing tanβ, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs

MS and Xt. We see that for large MS , we want

Xt

MS
≈ −3, −1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-

scale can absolutely be are

|Xt| � 1000 GeV, MS � 500 GeV. (4)

It is also interesting to examine the limits in the plane

of physical stop masses. Shown in fig. 3 are plots of the

contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here

the values of Xt < 0 and Xt > 0 were chosen to satisfy

mh = 125 GeV, and the solution with smaller absolute

value was chosen. In the dark gray shaded region, no

solution to mh = 125 GeV was found. Here we see that

the t̃1 can be as light as 200 GeV, provided we take t̃2 to

be heavy enough. We also see that the heavy stop has to

be much heavier in general in the Xt < 0 case.

�4 �2 0 2 4
0

5

10

15

20

25

30

Xt�MS

ta
nΒ

FIG. 1. Contour plot of mh in the tanβ vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to ∼ 5 TeV. The
solid curve is mh = 125 GeV with mt = 173.2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.

�6 �4 �2 0 2 4 6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Xt �TeV�

M
S
�TeV�

FIG. 2. Contours of constant mh in the MS vs. Xt plane,
with tanβ = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in fig. 1.

III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ≈ 125 GeV implies for

the weak-scale MSSM parameters, we now turn to the

implications for the underlying model of SUSY-breaking

and mediation. In RG running down from a high scale,

for positive gluino mass M3, the A-term At decreases.

The gluino mass also drives squark mass-squareds larger

Draper, Meade, Reece, Shih  ’12

⇒ tanβ > 3.5
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SUSY and the Higgs

2

as it captures many of the qualitative features that we

will see. We have characterized the scale of superpart-

ner masses with MS ≡
�
mt̃1mt̃2

�1/2
. First, we see that

decreasing tanβ always decreases the Higgs mass, inde-

pendent of all the other parameters (keeping in mind that

tanβ � 1.5 for perturbativity). So we expect to find a

lower bound on tanβ coming from the Higgs mass. Sec-

ond, we see that the Higgs mass depends on Xt/MS as

a quartic polynomial, and in general it has two peaks at

Xt/MS ≈ ±
√
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in

up to four places, leading to up to four preferred values

for Xt/MS . Finally, we see that for fixed Xt/MS , the

Higgs mass only increases logarithmically with MS itself.

So we expect a mild lower bound on MS from mh = 125

GeV.

Now let’s demonstrate these general points with de-

tailed calculations using FeynHiggs. Shown in fig. 1 are

contours of constant Higgs mass in the tanβ, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed

quark and right-handed up-type quark scalar fields). The

shaded band corresponds to mh = 123 − 127 GeV, and

the dashed lines indicate the same range of Higgs masses

but with mt = 172 − 174 GeV. (The central value in all

our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get

mh ≈ 125 GeV, we must have

tanβ � 3.5 (2)

So this is an absolute lower bound on tanβ just from the

Higgs mass measurement. We also find that the Higgs

mass basically ceases to depend on tanβ for tanβ beyond

∼ 20. So for the rest of the paper we will take tanβ = 30

for simplicity.

Fixing tanβ, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs

MS and Xt. We see that for large MS , we want

Xt

MS
≈ −3, −1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-

scale can absolutely be are

|Xt| � 1000 GeV, MS � 500 GeV. (4)

It is also interesting to examine the limits in the plane

of physical stop masses. Shown in fig. 3 are plots of the

contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here

the values of Xt < 0 and Xt > 0 were chosen to satisfy

mh = 125 GeV, and the solution with smaller absolute

value was chosen. In the dark gray shaded region, no

solution to mh = 125 GeV was found. Here we see that

the t̃1 can be as light as 200 GeV, provided we take t̃2 to

be heavy enough. We also see that the heavy stop has to

be much heavier in general in the Xt < 0 case.

FIG. 1. Contour plot of mh in the tanβ vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to ∼ 5 TeV. The
solid curve is mh = 125 GeV with mt = 173.2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.
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FIG. 2. Contours of constant mh in the MS vs. Xt plane,
with tanβ = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in fig. 1.

III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ≈ 125 GeV implies for

the weak-scale MSSM parameters, we now turn to the

implications for the underlying model of SUSY-breaking

and mediation. In RG running down from a high scale,

for positive gluino mass M3, the A-term At decreases.

The gluino mass also drives squark mass-squareds larger

For fixed tanβ = 30

|Xt| > 1 TeV

MS > 500 GeV{⇒

Trouble for GMSB:  ⇒
Mmesspressure on              to be large

to get large enough superpartner masses 
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Beyond the MSSM

NMSSM Add a singlet chiral superfield

Problem in the MSSM:  

V (Hu, Hd) =
(g2 + g

�2)

2
(H2

u −H
2
d)

2 ⇒ m2
h = M2

Z cos2(2β)

λS S Hu Hd

�S� = vs ⇒ λSvs HuHd gives      termµ

and an extra quartic 

m2
h = M2

Z cos2(2β) + λ2
S v2 sin2(2β) + · · ·

λ2
S H

2
u H

2
d

⇒
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SUSY - Conclusions/Outlook

•SUSY is a beautiful solution to the Hierarchy Problem

•The MSSM spectrum is highly constrained if we want 

m̃Q ≤ O(1) TeV

• But natural spectrum very much viable 

• Bottom-up approach: look for natural SUSY signals if we 
   really want to exclude SUSY

•The measurement of         posses additional constraints. mh

•Extensions of the MSSM (NMSSM, extended gauge sectors)
  should be explored, as long as they remain natural solutions
  to the HP
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