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The MSSM in the Era of Higgs Discovery
• A SM-like Higgs has been discovered at 125 GeV.

• “Consistent” with the MSSM (and its extensions).

• Stops from O(100 GeV) to O(100 TeV)          4x heavier than 
pre discovery:

• The motivation for weak-scale superpartners still stands:
• Solves the hierarchy problem;
• Explains the dark matter;
• Predicts gauge coupling unification.
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ATLAS [arXiv:1207.7214]; CMS [arXiv:1207.7235]
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divergences in the Higgs mass. These accomplishments come at the expense of introducing

more than 100 new parameters into the TeV scale e↵ective theory. The resulting space of

phenomenological signatures is enormous. It is an unrealistic task to “exclude the MSSM.”

Despite all of its theoretical successes, the observed value of the Higgs mass is a challenge

to accommodate inside the MSSM. At the same time the non-observation of superpartners

at the LHC calls into question the existence of low-scale supersymmetry. These two lessons

from the LHC may be intimately related to each other. The tree level prediction for the Higgs

boson mass mh in the MSSM is mh  mZ , where mZ is the Z0-boson mass. However, as the

superpartners become heavy there are sizable radiative corrections at one loop [8, 9, 10, 11]:
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where mW is the W±-boson mass, g is the SU(2) standard model gauge coupling, tan � is

the ratio of the Higgs vevs, mt is the top quark mass, emti are the physical stop masses, and

At is the stop-Higgs soft SUSY breaking trilinear.

From Eq. (1), the Higgs boson mass depends on the logarithm of the stop masses; for

fixed At, increasing mh requires an exponential increase in the top squark masses. If the

Higgs mass is raised from mh to mh0 while keeping At fixed,
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This demonstrates that going from the LEP2 limit on the Higgs mass of mh � 114.4 GeV [12]

to the observed value of mh ' 125 GeV [1, 2] requires quadrupling the top squark masses.

Taken at face value, the Higgs discovery has profound implications on the expectation of

the mass scale for the supersymmetric particles.1

One goal of the SUSY phenomenology community is to understand the consequences of

mh ' 125 GeV on the MSSM parameter space. In practice this is intractable due to the

immense size of the MSSM, not to mention all the possible extensions. The desire to chart the

full MSSM signature space has motivated many di↵erent approaches. Evoking a top-down

perspective, many models of the SUSY breaking parameters have been constructed. These

proposals predict the low energy parameters from far fewer inputs. Specific frameworks

tend to be highly predictive; large classes of SUSY signatures can be forbidden. In some

1 Note that one can achieve a 125 GeV Higgs and an O(300 GeV) lightest stop via a judicious choice of At.
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The MSSM in the Era of Higgs Discovery
• The parameter space of the MSSM is enormous. 

• The soft supersymmetry breaking Lagrangian includes more than 
120 new dimensionful terms.

• How can we map out all possible signatures?
• Simplified models: isolate particles for specific signature.  Parameter 

space is tractable; only a few masses and branching ratios.

• pMSSM: phenomenologically motivated reduction to 19 parameters.

• CMSSM/mSUGRA: 4 parameters.

• 4 parameters is potentially tractable.
• Can we understand all predictions of the CMSSM ansatz?

5

Berger, Gainer, Hewett, Rizzo [arXiv:0812.0980]

Chamseddine, Arnowitt, Nath [PRL 49 (1982)]; Barbieri, Ferrara, Savoy [PLB (1982)]; 
Hall, Lykken, Weinberg [PRD (1983)]
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Alwall, Le, Listanti, Wacker [arXiv:0809.3264]; Alwall, Schuster, Toro [arXiv:0810.3921];
LHC New Physics Working Group [arXiv:1105.2838]
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A Simple Ansatz - a wide range of dynamics
• The CMSSM is a four dimensional subspace of the          

R-parity conserving MSSM.
• It is defined at the GUT scale by the following (real) inputs:

• The unified scalar soft mass,       .
• The unified gaugino mass:          .
• The unified A-term:      .
• The ratio of the Higgs vevs:             (traded for the       term).

• Parameters are evolved to weak scale using RGEs.
•    -term is determined by requiring                        .
• 19 coupled RGEs integrated over 32 e-folds:                   

relation between the inputs & low energy parameters is 
highly non-linear.
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State of the Art: The LHC
• Both ATLAS and CMS put limits on the CMSSM:

• Exclusions for a region of the          versus        plane at a 
fixed       and          .

• What is the Higgs mass?
• Does the neutralino overclose the Universe?

7

CMS [arXiv:1205.6615]
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State of the Art: Theory
• Many groups approach CMSSM (and other models) from 

statistical point of view.

• Techniques are very powerful.
• Allow inclusion of many experimental inputs (with errors).
• Assign likelihood to all points in parameter space.
• Not obvious what drives boundaries.

• For example: claims that stop coannihilation largely excluded. 

8

Baltz, Gondolo [arXiv:hep-ph/0407039]; Allanach, Lester [arXiv:hep-ph/0507283]; 
de Austri, Trotta, Roszkowski [arXiv:hep-ph/0602028]; 
Akrami, Scott, Edsjo, Conrad, Bergstrom [arXiv:0910.3950]; Buchmueller et. al [arXiv:0907.5568]

Allanach, Lester [arXiv:hep-ph/0507283]

/46



Timothy Cohen (SLAC)

Classification
• We will require that the Higgs mass is ~125 GeV and the 

neutralino comprises all of the dark matter.

• “Quadrants” are defined by the                 and the              .

• Schematically, the RGEs for A and B terms are given by

• The low energy behavior can be very different depending on 
these signs.

9 9

3.2. Quadrants

When visualizing the allowed regions, we find it instructive to unfold the parameter space

by weighting the x and y axes by the signs of µ and A0 respectively.4 This yields four distinct

phase combinations.

The structure of the 1-loop the renormalization group equations for the A-terms and the

B-term take the following schematic form

16 ⇡2 d

dt
A = A

�
|y|2 � g2

�
+ y g2 M, (3)

16 ⇡2 d

dt
B = B

�
|y|2 � g2

�
+ µ

�
Ay† + g2 M

�
, (4)

where M is a gaugino mass, y is a supersymmetric Yukawa coupling associated with the

A-term, and g is a gauge coupling [46]. Clearly each choice of phase leads to an independent

renormalization group trajectory. Hence, the physics between quadrants is not simply

related.

As an example, consider the case when A � 0. Then Eq. (3) implies that a non-zero

gaugino masses will suppress the A-term as they are evolved down — the low energy A-term

will be suppressed with respect to the unification scale input. This should be contrasted

with A ⌧ 0 where the low energy value grows with respect to the input.

HERE

If µA > 0 then b-term runs negative at low energy whereas it runs large if µA < 0.

3.3. Metastability

This article will find that A-terms will play a non-trivial role in the phenomenology of

the CMSSM. Trilinear scalar couplings have the feature that they have directions that can

be unstable. These unstable directions are color and charge breaking directions and are

not viable phenomenologically. It is a straight forward exercise to work out the conditions

that ensure that the color and charge breaking minima are not the absolute minima of the

potential. For the top squark this results in a condition

|at|2 < 3(m2
q3
+m2

uc
3
+ (m2

Hu
+ |µ|2)) (5)

4 We take the canonical convention M > 0 and B > 0.

sign(A0) sign(µ)
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Classification
• What process determines the relic abundance?

• “light    a”: annihilation is dominated by the      and h poles.
• “well-tempered”: annihilation via Higgsino/bino mixing to               .              
• “     pole”: annihilation is dominated by an s-channel       resonance.
• “stau coannihilation”
• “stop coannihilation”

10
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CMSSM CARTOGRAPHY
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The CMSSM is Compact
• Higgs mass:                                           bounded.

• Relic density: not overclosing                  bounded.

• Lifetime of our vacuum longer than 14 Gyr                  bounded.   

• Perturbativity of bottom Yukawa coupling                    bounded.

12

M0
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/46

mh = 125 GeV

m�



Timothy Cohen (SLAC)

The CMSSM is Compact
• Higgs mass:                                           bounded.

• Relic density: not overclosing                  bounded.

• Lifetime of our vacuum longer than 14 Gyr                  bounded.   

• Perturbativity of bottom Yukawa coupling                    bounded.

12

M0

A0

tan�

/46

mh = 125 GeV

m�

The entire CMSSM is discoverable by  
human-buildable experiments
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Tools
• SoftSUSY v3.3.7 computes the low energy spectrum from 

the CMSSM inputs.
• The two loop MSSM RGEs (leading log decoupling is accounted for 

by the inclusion of all 1-loop finite terms).
• The two loop contributions to the Higgs potential.

• DarkSUSY v5.1.1 computes the relic density and direct 
detection cross sections.
• All 2-2 scattering processes are included.

• SUSY-HIT v1.3 computes the decay tables.

• Prospino v2.1 computes NLO cross sections.

13

Allanach [arXiv:hep-ph/0104145]

Gondolo, Edsjo, Ullio, Bergstrom, Schelke [arXiv:astro-ph/0406204]

Djouadi, Muhlleitner, Spira [arXiv:hep-ph/0609292]
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Constraints
• 3 GeV error for the theoretical prediction of the Higgs mass:

• Require the relic density in the range:

• Require that the lifetime for the vacuum to decay to  
charge/color breaking minimum be longer than 14 Gyr:

• We require that the chargino mass satisfy a naive LEP 
bound:

14

Allanach, Djuadi, Kneur, Porod, Slavich [arXiv:hep-ph/0406166]

10

Since m2
Hu

+ |µ|2 ⇠ m2
Z0 which will be small for viable parameters, this means that

|at|<⇠ 6m̄2
t̃
. These minima are typically close to the origin in field space, so these should

be the renormalization group evolved parameters evaluated at the scale of supersymmetry

violating masses. Notice that this allows for “maximal” mixing in the top squark sector.

and similar for staus [47] and [48].

However, this is too tight of a constraint. Absolute stability is not a su�cient

requirement, but so long as the tunneling rate from the Standard Model vacua to the color

and charge breaking minima is longer than the age of the Universe, then the theory is

phenomenologically viable. This condition is harder to solve for but has been studied in [49]

[50] [51] and the metastability requirement is relaxed to

|at|2 < (7.5m2
q3
+ 7.5m2

uc
3
+ 3 (m2

Hu
+ |µ|2)). (6)

This article will use this less-restrictive requirement, though most regions satisfy the absolute

stability bound.

4. THE MULTIPLE CONTINENTS

The CMSSM has numerous disconnected regions of parameter space that are disconnected

from each other. These will be classified through two separate ways. The first classifier is

by the method that the lightest supersymmetric particle annihilates. These regions are

classified as

• m� < 75 GeV

• Well-tempered

• Stau coannihilation

• Stau coannihilation + A0 pole annihilation

• Stop coannihilation

The second classification method are the phases of the A0-term and µ-term. These result

in four distinct phase combinations that are not related to each other. Frequently only one

quadrant is considered, but physics in each quadrant is not simply related to each other. The

0.08 < ⌦h2 < 0.14

122 GeV < mh < 128 GeV

em�+ > 100 GeV

Kusenko, Langacker, Segre [arXiv:hep-ph/9602414]
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Scan Strategy
• Start with seed random scan:

• Implies no island missed (with 95% confidence) larger than

• Fill in with targeted scans.
• Given this seed data:

• Choose a 2-d slice.
• Make a grid.
• Find any point on the grid that has > 1 filled neighbor.
• Scan in the orthogonal directions using range determined by 

neighbors.

15

12

71]. There are a few di↵erences between these programs. DarkSUSY takes all the Standard

Model parameters from the SoftSUSY output while MicrOmegas uses internal values. This

can cause an O(10%) variation for the light dark matter points since the annihilation to

b quarks through an s-channel Z0 is sensitive to the b Yukawa coupling (due to helicity

suppression). Another case where the two programs di↵er is when A 0-pole annihilation

dominates. This occurs because both programs compute the width of the A 0 internally and

they tend to disagree on this value by O(10%). Typically MicrOmegas matches the output

from SUSYHIT [72] more closely than SoftSUSY. None of these di↵erences have a qualitative

impact on the results and DarkSUSY is used for all relic density and direct detection results.

3.1. Scan Strategy

Building the maps presented in Figs. 2.1-2.4 required a more targeted computational

strategy than simply randomly scanning. The results in this article began from an extensive

random scan of the input parameter space. This “seed” scan was performed until a few points

on all continents were discovered. Many of the regions had partner disconnected components

in the other quadrants and this helped discover several of the continents. Ultimately, the

discovery of any isolated region is limited by this original seed scan and there is no way

to guarantee that every island was discovered. Nevertheless, O(107) random points were

attempted with the following bounding box

0  M
0

 10 TeV; 0  M 1
2
 10 TeV;

�6  A
0

/ m
0

 6; 1 . 5  tan �  50; sign( µ ) = ±1 , (5)

which limits the size of the undiscovered regions which limits the size of any islands not

discovered at the 95% confidence level to be smaller than

� M
0

⇥� M 1
2
⇥�

A
0

M
0

⇥� tan �  0 . 036 TeV2 .

The smaller islands of parameter space are more susceptible to the implicit uncertainty in

the numerical calculations used to identify the regions, which limits the potential relevance

of searching for arbitrarily small regions. This article focuses on finding the full extent of the

large regions of parameter space and the methods below use the continuity of the parameter

space to find the range in the parameter space.
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random scan of the input parameter space. This “seed” scan was performed until a few points

on all continents were discovered. Many of the regions had partner disconnected components

in the other quadrants and this helped discover several of the continents. Ultimately, the

discovery of any isolated region is limited by this original seed scan and there is no way

to guarantee that every island was discovered. Nevertheless, O(107) random points were

attempted with the following bounding box
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The smaller islands of parameter space are more susceptible to the implicit uncertainty in

the numerical calculations used to identify the regions, which limits the potential relevance

of searching for arbitrarily small regions. This article focuses on finding the full extent of the

large regions of parameter space and the methods below use the continuity of the parameter

space to find the range in the parameter space.
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71]. There are a few di↵erences between these programs. DarkSUSY takes all the Standard

Model parameters from the SoftSUSY output while MicrOmegas uses internal values. This

can cause an O(10%) variation for the light dark matter points since the annihilation to

b quarks through an s-channel Z 0 is sensitive to the b Yukawa coupling (due to helicity

suppression). Another case where the two programs di↵er is when A 0-pole annihilation

dominates. This occurs because both programs compute the width of the A 0 internally and

they tend to disagree on this value by O(10%). Typically MicrOmegas matches the output

from SUSYHIT [72] more closely than SoftSUSY. None of these di↵erences have a qualitative

impact on the results and DarkSUSY is used for all relic density and direct detection results.

3.1. Scan Strategy

Building the maps presented in Figs. 2.1-2.4 required a more targeted computational

strategy than simply randomly scanning. The results in this article began from an extensive

random scan of the input parameter space. This “seed” scan was performed until a few points

on all continents were discovered. Many of the regions had partner disconnected components

in the other quadrants and this helped discover several of the continents. Ultimately, the

discovery of any isolated region is limited by this original seed scan and there is no way

to guarantee that every island was discovered. Nevertheless, O(107) random points were

attempted with the following bounding box
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large regions of parameter space and the methods below use the continuity of the parameter

space to find the range in the parameter space.
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Timothy Cohen (SLAC)

Charting the CMSSM
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Charting the CMSSM
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Timothy Cohen (SLAC)

Lessons 
• The CMSSM is compact.

• Size of the allowed parameter space is huge!

• Classification scheme useful for organizing the CMSSM.

• Range of possible low energy signatures.

• The rest of this talk devoted to exploring them.
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Timothy Cohen (SLAC)

CIRCUMNAVIGATING THE 
CMSSM

Light
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Timothy Cohen (SLAC)

Setting sail for light

•   
•   
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Timothy Cohen (SLAC)

Light     implies light gluinos
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Timothy Cohen (SLAC)

Has the LHC excluded this region?
• A benchmark:

• Squarks and sleptons heavier than 5 TeV.
• Gluino is 409 GeV; LSP is 57 GeV. 

• ATLAS recast of jets + MET + no leptons for

• Limit:
• Prediction: 

24

12

4.1.1. Benchmark 1.1

T a b le 4. 1. 1 sh ows a typi c a l li gh t b i no d a rk ma tte r c a nd i d a te th a t i s d omi na ntly

a nni h i la ti ng th rough th e h 0 a nd Z 0 re sona nc e s. I n th i s c a se , m h0 � 2 m �0
1

= 9 . 8 5 G e V .

E ve n th ough th i s spe c trum i s re la ti ve ly li gh t, th e fi ne tuni ng i s � v = 12 0 0 , a nd wh i le th i s

i s re la ti ve ly mod e ra te fi ne - tuni ng f or th e C M S S M a f te r th e H i ggs d i sc ove ry. T h i s poi nt a lso

d e monstra te s th a t e ve n sma ll µ c a n b e h i gh ly fi ne - tune d .

T h i s re gi on i s c lose to a C M S S M re a li za ti on of mi ni - S pli t S upe rsymme try wh e re b oth

M 1
2

a nd µ b e i ng a f a c tor of 15 to 3 0 sma lle r th a n M 0 . W h i le th i s b e nc h ma rk d oe s not h a ve

a sma ll A te rm, th e re e xi st poi nts th a t d o.

� 0
1 � 0

2 � 0
3 � 0

4

eB 9 7 . % 0 . 4 % 2 . 5 % 0 . 1%

fW 1 . 1% 9 0 . 9 % 6 . 8 % 1 . 1

eH d 0 . 6 % 1 . 4 % 4 7 . 5 5 0 . 5

eH u 1 . 4 % 7 . 3 % 4 3 . 1% 4 8 . 2

� �
1 � �

2 � +
1 � +

2

fW + 9 7 . 6 % 2 . 4 %

eH +
u 2 . 4 % 9 7 . 6 %

fW � 8 5 . 6 % 14 . 4 %

eH �
d 14 . 4 8 5 . 6

( 8 )

Input parameters

M0 M1/2 A0 tan� sign( µ ) |µ| Bµ

5455.8 132.315 -3480.24 15.5977 1 301.773 2.01762⇥ 108

Low energy spectrum

emg emq emt1 em⌧1 em�0 em�± mh mA0 ⌦ h2 �SI � v � ⌦

409.28 5393.5 3098.7 5327.3 57.139 111.1 124.14 5214.8 0.1053 3.917⇥ 10�10 1200 35

TABLE 4.1.1: Light m� benchmark

O ne of th e i nte re sti ng a spe c ts of th i s b e nc h ma rk mod e l i s th a t i t wa s e xc lud e d usi ng

e a rly L H C se a rc h e s. T h e li gh te st c olore d pa rti c le ( L C P ) i s th e glui no wi th a ma ss of m g̃ '

4 0 9 G e V . T h e e le c trowe a ki no spe c trum i s a pproxi ma te d b y

� 0
1 � 0

2 � 0
3 � 0

4 � ±
1 � ±

2

m [ G e V ] 5 7 . 13 9 111 . 2 6 � 3 2 5 . 7 3 3 8 . 2 8 111 . 1 3 4 0 . 4 7
( 9 )

ATLAS [arXiv:1208.0949]

20

and mixings matrices

� 0

1

� 0

2

� 0

3

� 0

4

eB 9 7 . % 0 . 4 % 2 . 5 % 0 . 1 %

fW 1 . 1 % 9 0 . 9 % 6 . 8 % 1 . 1

eH d 0 . 6 % 1 . 4 % 4 7 . 5 5 0 . 5

eH u 1 . 4 % 7 . 3 % 4 3 . 1 % 4 8 . 2

� �
1

� �
2

� +

1

� +

2

fW + 9 7 . 6 % 2 . 4 %

eH +

u 2 . 4 % 9 7 . 6 %

fW � 8 5 . 6 % 1 4 . 4 %

eH �
d 1 4 . 4 8 5 . 6

( 1 6 )

G l uino b ranch ing ratios inv ol v ing H iggsinos are suppressed. H ow ev er, th ere are a

v ariety of gl uino cascades inv ol v ing th e w inos w h ich mak e l imit setting non- triv ial f or

th is b ench mark . T h e signatures of th is b ench mark are w el l - approximated b y th ree of th e

standard simpl ifi ed model s:

eg !

8
>>>><

>>>>:

eB q q 1 . 9 %

e� ±
1

q ¯q ! eB W ± q q 0 4 5 % [ r = 0 . 1 8 1 ]

e� 0

2

q q ! eB Z 0 q q 3 4 % [ r = 0 . 1 8 1 ]

( 1 7 )

S o f ar th e onl y appl icab l e L H C resul ts w h ich prov ide th e cross section l imits f or many

sl ices of th e simpl ifi ed model parameters h av e b een rel eased using 7 T eV data. T h e most

rel ev ant of th ese is an A T L A S search f or jets, /E T and no h igh p T el ectrons or muons using

4 . 7 f b � 1 of data [ 7 2] . T h e col l ab oration h as recast th is search f or th e fi nal state

eg eg ! W ± W ± q ¯q 0 q ¯q 0 � � , ( 1 8 )

prov iding a l imit of � ⇥ B R <⇠ 1 pb . T h e prediction f or th is b ench mark is 1 . 8 pb w h en w e

incl uded al l comb inations f or th e sign of th e W ± b osons. F urth ermore, th e decay inv ol v ing

Z 0 b osons w il l h av e a v ery simil ar e�ciency f or th is search . T h is b ench mark is cl earl y

excl uded.

eg eg ! W± W± q q̄ q q̄ ��

� ⇥ BR . 1 pb
� ⇥ BR = 1.8 pb
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Timothy Cohen (SLAC)

Has the LHC excluded this region?
• A benchmark:

• Squarks and sleptons heavier than 5 TeV.
• Gluino is 409 GeV; LSP is 57 GeV. 

• ATLAS recast of jets + MET + no leptons for

• Limit:
• Prediction: 

24
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T a b le 4 . 1. 1 sh ows a typi c a l li gh t b i no d a rk ma tte r c a nd i d a te th a t i s d omi na ntly

a nni h i la ti ng th rough th e h 0 a nd Z 0 re sona nc e s. I n th i s c a se , m h0 � 2 m �0
1

= 9 . 8 5 G e V .

E ve n th ough th i s spe c trum i s re la ti ve ly li gh t, th e fi ne tuni ng i s � v = 12 0 0 , a nd wh i le th i s

i s re la ti ve ly mod e ra te fi ne - tuni ng f or th e C M S S M a f te r th e H i ggs d i sc ove ry. T h i s poi nt a lso

d e monstra te s th a t e ve n sma ll µ c a n b e h i gh ly fi ne - tune d .

T h i s re gi on i s c lose to a C M S S M re a li za ti on of mi ni - S pli t S upe rsymme try wh e re b oth

M 1
2

a nd µ b e i ng a f a c tor of 15 to 3 0 sma lle r th a n M 0 . W h i le th i s b e nc h ma rk d oe s not h a ve

a sma ll A te rm, th e re e xi st poi nts th a t d o.

� 0
1 � 0

2 � 0
3 � 0

4

eB 9 7 . % 0 . 4 % 2 . 5 % 0 . 1%

fW 1 . 1% 9 0 . 9 % 6 . 8 % 1 . 1

eH d 0 . 6 % 1 . 4 % 4 7 . 5 5 0 . 5

eH u 1 . 4 % 7 . 3 % 4 3 . 1% 4 8 . 2

� �
1 � �

2 � +
1 � +

2

fW + 9 7 . 6 % 2 . 4 %

eH +
u 2 . 4 % 9 7 . 6 %

fW � 8 5 . 6 % 14 . 4 %

eH �
d 14 . 4 8 5 . 6

( 8 )

Input parameters

M0 M1/2 A0 tan� sign( µ ) |µ| Bµ

5455.8 132.315 -3480.24 15.5977 1 301.773 2.01762⇥ 108

Low energy spectrum

emg emq emt1 em⌧1 em�0 em�± mh mA0 ⌦ h2 �SI � v � ⌦

409.28 5393.5 3098.7 5327.3 57.139 111.1 124.14 5214.8 0.1053 3.917⇥ 10�10 1200 35

TABLE 4.1.1: Light m� benchmark

O ne of th e i nte re sti ng a spe c ts of th i s b e nc h ma rk mod e l i s th a t i t wa s e xc lud e d usi ng

e a rly L H C se a rc h e s. T h e li gh te st c olore d pa rti c le ( L C P ) i s th e glui no wi th a ma ss of m g̃ '

4 0 9 G e V . T h e e le c trowe a ki no spe c trum i s a pproxi ma te d b y

� 0
1 � 0

2 � 0
3 � 0

4 � ±
1 � ±

2

m [ G e V ] 5 7 . 13 9 111 . 2 6 � 3 2 5 . 7 3 3 8 . 2 8 111 . 1 3 4 0 . 4 7
( 9 )

ATLAS [arXiv:1208.0949]

20

and mixings matrices

� 0

1

� 0

2

� 0

3

� 0

4

eB 9 7 . % 0 . 4 % 2 . 5 % 0 . 1 %

fW 1 . 1 % 9 0 . 9 % 6 . 8 % 1 . 1

eH d 0 . 6 % 1 . 4 % 4 7 . 5 5 0 . 5

eH u 1 . 4 % 7 . 3 % 4 3 . 1 % 4 8 . 2

� �
1

� �
2

� +

1

� +

2

fW + 9 7 . 6 % 2 . 4 %

eH +

u 2 . 4 % 9 7 . 6 %

fW � 8 5 . 6 % 1 4 . 4 %

eH �
d 1 4 . 4 8 5 . 6

( 1 6 )

G l uino b ranch ing ratios inv ol v ing H iggsinos are suppressed. H ow ev er, th ere are a

v ariety of gl uino cascades inv ol v ing th e w inos w h ich mak e l imit setting non- triv ial f or

th is b ench mark . T h e signatures of th is b ench mark are w el l - approximated b y th ree of th e

standard simpl ifi ed model s:

eg !

8
>>>><

>>>>:

eB q q 1 . 9 %

e� ±
1

q ¯q ! eB W ± q q 0 4 5 % [ r = 0 . 1 8 1 ]

e� 0

2

q q ! eB Z 0 q q 3 4 % [ r = 0 . 1 8 1 ]

( 1 7 )

S o f ar th e onl y appl icab l e L H C resul ts w h ich prov ide th e cross section l imits f or many

sl ices of th e simpl ifi ed model parameters h av e b een rel eased using 7 T eV data. T h e most

rel ev ant of th ese is an A T L A S search f or jets, /E T and no h igh p T el ectrons or muons using

4 . 7 f b � 1 of data [ 7 2] . T h e col l ab oration h as recast th is search f or th e fi nal state

eg eg ! W ± W ± q ¯q 0 q ¯q 0 � � , ( 1 8 )

prov iding a l imit of � ⇥ B R <⇠ 1 pb . T h e prediction f or th is b ench mark is 1 . 8 pb w h en w e

incl uded al l comb inations f or th e sign of th e W ± b osons. F urth ermore, th e decay inv ol v ing

Z 0 b osons w il l h av e a v ery simil ar e�ciency f or th is search . T h is b ench mark is cl earl y

excl uded.

eg eg ! W± W± q q̄ q q̄ ��

� ⇥ BR . 1 pb
� ⇥ BR = 1.8 pb

Excluded!
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Timothy Cohen (SLAC)

CIRCUMNAVIGATING THE 
CMSSM

Well-tempered
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Timothy Cohen (SLAC)

Setting sail for well-tempered

26

4 TeV . M0 . 20 TeV•   
•   5 . tan� . 50

• light 
• Well-

tempered
•       pole
• stau 

coann
• stop 

coann

A0

e�0
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Timothy Cohen (SLAC)

What about the LHC?
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Timothy Cohen (SLAC)

What about the LHC?

• LHC13 will have little impact on the well-tempered spectra.

27/46
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Timothy Cohen (SLAC)

Well-tempered LHC benchmark

• Gluinos:

•  

• Higgsinos:  

• Squarks:

28
26

4.2.1. Benchmark 2.1

Input parameters

M
0

M 1
2

A
0

tan� sign(µ) |µ| p
Bµ

4103.76 525.385 905.88 13.6663 -1 292.034 10805.

Low energy spectrum

mg̃ mq̃ m
˜t1

m⌧̃1 m� m�±
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mh mA ⌦h2 �
SI

[pb] �v �
⌦

1330 4180 2510 4040 218 292 122 4000 0.139 5.15⇥ 10�9 400 37

TABLE 4.2.1: Well-tempered benchmark. Dimensionful values are in GeV unless otherwise stated.

This well-tempered benchmark model is in the focus point supersymmetry region. It can

be probed using both the 13 TeV LHC and direct detection. The electroweakino sector of

the theory has masses

�0
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�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 218 297 310 466 292 465
(20)

and mixings

�0
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�0

2

�0

3

�0

4

eB 86.6% 0.4% 8.9% 4.1%

fW 12.8% 9.3% 39.9% 38.0%

eHd 0.4% 0.7% 48.5 50.4%

eHu 0.2% 89.6% 2.7% 7.4%

��
1

��
2

�+

1

�+

2

fW+ 14.7% 85.3%

eH+

u 85.3% 14.7%

fW� 5.3% 94.7%

eH�
d 94.7% 5.3%

(21)

The LSP is dominantly bino dark matter with a non-trivial wino ad-mixture — this is clearly

a well-tempered neutralino. This model a sizable annihilation cross section to W+ W� in

the early Universe so that the computed relic abundance can match the observation.

The gluino has a mass of meg = 1333 GeV and currently is too heavy to have been directly

produced. Its cross section at the 13 TeV LHC is

�(p p ! eg eg) = 30 fb. (22)

The most important gluino decays for phenomenology are cascades involving the elec-

troweakinos that have a large Higgsino fraction, �±
1

�0

2

, and�0

3

.
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TABLE 4.2.1: Well-tempered benchmark. Dimensionful values are in GeV unless otherwise stated.

This well-tempered benchmark model is in the focus point supersymmetry region. It can

be probed using both the 13 TeV LHC and direct detection. The electroweakino sector of

the theory has masses
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fW� 5.3% 94.7%

eH�
d 94.7% 5.3%

(21)

The LSP is dominantly bino dark matter with a non-trivial wino ad-mixture — this is clearly

a well-tempered neutralino. This model a sizable annihilation cross section to W+ W� in

the early Universe so that the computed relic abundance can match the observation.

The gluino has a mass of meg = 1333 GeV and currently is too heavy to have been directly

produced. Its cross section at the 13 TeV LHC is

�(p p ! eg eg) = 30 fb. (22)

The most important gluino decays for phenomenology are cascades involving the elec-

troweakinos that have a large Higgsino fraction, �±
1

�0

2

, and�0

3

.

meg = 1.3 TeV =)
27

The majority of the gluinos decay into heavy flavor. The cumulative light flavor branching

ratio is

eg ! q q0 X 11.5% (23)

where X is a neutralino or chargino. This pattern of branching ratios can be understood

from the pattern of the squark masses,

eq eq
3

edc
3

euc
3

m [TeV] 4.2 3.4 4.1 2.5
(24)

Since the gluino decays are mediated through o↵-shell squarks, the branching ratios are

proportional to 1/m4

eqi . The process with an o↵-shell right handed stop is enhanced by a

factor of 7.7 over light flavored squarks. All of the properties of the spectra will have to be

inferred from these decay widths since the direct production of these squarks is beyond the

reach of the 13 TeV LHC. They should be accessible at the 33 TeV LHC.

The LHC phenomenology of this model is dominated by the following simplified models

involving the lightest Higgsinos

eg !

8
>>>><

>>>>:

t b��
1

+ c.c. ! t b (W�)⇤ �0

1

33% [r = 0.09]

t t�0

2

! t t (Z0)⇤ �0

1

15% [r = 0.08]

t t�0

3

! t t Z0 �0

1

15% [r = 0.07]

(25)
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Setting sail for     pole annihilation

•   

•   

31

A0

500 GeV . M0 . 16 TeV [µ > 0]
200 GeV . M1/2 . 7 TeV [µ > 0]

5 TeV . M0 . 10 TeV [µ < 0]

300 GeV . M1/2 . 2 TeV [µ < 0]

• light 
• Well-

tempered
•       pole
• stau 

coann
• stop 

coann

A0

e�0
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The squark-gluino plane
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• 2nd quadrant similar; 4th quadrant gluino mass < 4 TeV.
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     pole LHC benchmark

• Squarks:

• Gluino: 

33

A0

34

4.3.1. Benchmark 3.1

Input parameters

M
0

M 1
2

A
0

tan� sign(µ) |µ| sign(Bµ)
p|Bµ|

2311.11 666.667 -3021.77 55.8605 1 1708.6 �99290.9

Low energy spectrum

mg̃ mq̃ m
˜t1

m⌧̃1 m� m�±
1

mh mA ⌦h2 �
SI

[pb] �v �
⌦

1610 2640 1430 1110 292 564 122 564 0.138 6.11⇥ 10�10 870 91

TABLE 4.3.1: A0-pole annihilation benchmark. MicrOmegas yields ⌦h2 = 0.106 for this model.

Dimensionful values are in GeV unless otherwise stated.

This A0-pole annihilation benchmark was chosen as an example that it is discoverable at

the 13 TeV LHC. The gluino mass is 1.6 TeV and

�(p p ! eg eg) = 8.0 fb (34)

at 13 TeV. The squark masses are

eq edc
3

eq
3

euc
3

m [TeV] 2.6 1.7 1.9 1.4
(35)

It is clear that the gluino decays will involve heavy flavor. In fact

eg ! tet
1

+ c.c. 100%. (36)

The electroweakinos are very pure with mixings in the 10�3 range. Their masses and

orderings are

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 292 563 1370 1370 564 1370

(37)

The lightest stop decays will dominantly involve the bino and winos:

et
1

!

8
>>>><

>>>>:

t�0

1

18%

t�0

2

25%

b�+

1

53%

(38)

Large A-terms
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�(p p ! eg eg) = 8.0 fb (34)

at 13 TeV. The squark masses are

eq edc
3

eq
3

euc
3

m [TeV] 2.6 1.7 1.9 1.4
(35)

It is clear that the gluino decays will involve heavy flavor. In fact

eg ! tet
1

+ c.c. 100%. (36)

The electroweakinos are very pure with mixings in the 10�3 range. Their masses and

orderings are

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 292 563 1370 1370 564 1370

(37)

The lightest stop decays will dominantly involve the bino and winos:

et
1

!

8
>>>><

>>>>:

t�0

1

18%

t�0

2

25%

b�+

1

53%

(38)

35

The neutral wino decays to h�0

1

over 90% of the time while the charged wino decays to

W+ �0

1

with a 100% branching ratio. Therefore, the dominant simplified models to describe

the first LHC signals of this benchmark are

eg !

8
>>>><

>>>>:

t t�0

1

18%

t t�0

2

! t t h�0

1

22.5% [r = 0.26]

t b�+

1

+ c.c. ! t bW+ �0

1

+ c.c. 53% [r = 0.26]

(39)

The decay involving Higgs bosons is an interesting feature of this model.

Since they are pure winos, there is a large 13 TeV cross section for

�(p p ! �0

2

�+

1

) = 14 fb. (40)

The �0

2

decays will involve boosted Higgs bosons. There may be a possibility of distinguishing

this signal from the electroweak backgrounds [106–108].

It should also be possible to test this model using ton scale direct detection experiments:

�
SI

= 6.1⇥ 10�10 pb. (41)

Finally, there is a complimentary signal for indirect detection. The annihilation cross section

to bottom quarks is

�
ann

v = 2.75⇥ 10�26 cm3/s. (42)

It is possible that CTA would have sensitivity to this model [104, 105]. However, given the

uncertainty associated with the dark matter profile it is unlikely that CTA can conclusively

exclude a cross section of this size.

All together, this benchmark involves many interesting signatures with a high degree of

complimentarily between many experiments.
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the 13 TeV LHC. The gluino mass is 1.6 TeV and

�(p p ! eg eg) = 8.0 fb (34)

at 13 TeV. The squark masses are

eq edc
3

eq
3

euc
3

m [TeV] 2.6 1.7 1.9 1.4
(35)

It is clear that the gluino decays will involve heavy flavor. In fact

eg ! tet
1

+ c.c. 100%. (36)

The electroweakinos are very pure with mixings in the 10�3 range. Their masses and

orderings are

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 292 563 1370 1370 564 1370

(37)

The lightest stop decays will dominantly involve the bino and winos:

et
1

!

8
>>>><

>>>>:

t�0

1

18%

t�0

2

25%

b�+

1

53%

(38)

meg = 1.6 TeV =)
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     pole LHC benchmark

• Squarks:

• Gluino: 
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3
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3
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The decay involving Higgs bosons is an interesting feature of this model.

Since they are pure winos, there is a large 13 TeV cross section for
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2

�+

1

) = 14 fb. (40)

The �0

2

decays will involve boosted Higgs bosons. There may be a possibility of distinguishing

this signal from the electroweak backgrounds [106–108].

It should also be possible to test this model using ton scale direct detection experiments:

�
SI

= 6.1⇥ 10�10 pb. (41)

Finally, there is a complimentary signal for indirect detection. The annihilation cross section

to bottom quarks is

�
ann

v = 2.75⇥ 10�26 cm3/s. (42)

It is possible that CTA would have sensitivity to this model [104, 105]. However, given the

uncertainty associated with the dark matter profile it is unlikely that CTA can conclusively

exclude a cross section of this size.

All together, this benchmark involves many interesting signatures with a high degree of

complimentarily between many experiments.
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at 13 TeV. The squark masses are
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3
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It is clear that the gluino decays will involve heavy flavor. In fact

eg ! tet
1
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The electroweakinos are very pure with mixings in the 10�3 range. Their masses and

orderings are

eB fW eH fW eH
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1

�0
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The lightest stop decays will dominantly involve the bino and winos:

et
1

!

8
>>>><
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t�0

1

18%

t�0

2

25%

b�+

1

53%

(38)

meg = 1.6 TeV =)
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Tops, MET, 
and Higgses!
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• 2nd quadrant is similar but 4th quadrant extends below               .  
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Setting sail for stau coannihilation
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Timothy Cohen (SLAC) 37

Stau-coann: direct detection
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Timothy Cohen (SLAC)

Stau-coann: squark-gluino plane
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Timothy Cohen (SLAC)

Stau-coann: squark-gluino plane
38

Most of these spectra are discoverable at the 13 TeV LHC.
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Timothy Cohen (SLAC)

A stau-coann benchmark (3rd quad)

• The LSP is 383.52 GeV; the lighter stau is 383.8 GeV.  
• The stau lifetime is                .  Probed via long-lived stau searches? 

• Gluino is 1980 GeV.
• Squarks:

• The gluino branching ratios are
•                             [52%]
•                             [20%]
•                             [28%]

• Probed via gluino pair production?

39

20

and is dominantly Bino dark matter with

�0
1 �0

2 �0
3 �0

4

eB 99.9% 0.% 0.1% 0.%

fW 0.% 99.6% 0.3% 0.

eHd 0.% 0.1% 49.9 50.

eHu 0.1% 0.3% 49.7% 49.9

��
1 ��

2 �+
1 �+

2

fW+ 99.9% 0.1%

eH+
u 0.1% 99.9%

fW� 99.3% 0.7%

eH�
d 0.7 99.3

(31)

eq eb1 eb2 et1 et2
m [GeV] 1780.8 1529.9 1715.3 1067.2 1562.9

(32)

Input parameters

M0 M1/2 A0 tan� sign(µ) |µ| Bµ

259.515 900.862 -2296.71 9.23077 -1 -1555.68 7.574⇥ 107

Low energy spectrum

emg emq emt1 em⌧1 em�0 em�± mh mA0 ⌦h2 �SI �v �⌦

1978.2 1818.8 1067.2 383.8 383.52 732.23 122.17 1682.5 0.1156 1.521⇥ 10�14 1300 33

TABLE 4.3.2: Stau coannihilation benchmark, upper half plane, large negative A0.

• Table 4.3.2

• gluino decays XX% stop 1 and top; XX% sbottom1 and bottom; XX% stop2 and top;

XX% to sbottom2 and bottom

• stop and sbottom decays mostly involve cascades with �0

• left handed light squarks involve cascades; right handed light squarks go straight to

q + �.

• stau decay involves o↵-shell tau (SUSYHIT didn’t compute the width).
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TABLE 4.3.2: Stau coannihilation benchmark, upper half plane, large negative A0.

• Table 4.3.2

• gluino decays XX% stop 1 and top; XX% sbottom1 and bottom; XX% stop2 and top;

XX% to sbottom2 and bottom

• stop and sbottom decays mostly involve cascades with �0

• left handed light squarks involve cascades; right handed light squarks go straight to

q + �.

• stau decay involves o↵-shell tau (SUSYHIT didn’t compute the width).

O
�
10�2 s

�

eg ! et1,2 + t
eg ! eb1,2 + b
eg ! eq + q

Citron, Ellis, Luo, Marrouche, Olive, Vries [arXiv:1212.2886]
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Timothy Cohen (SLAC)

A stau-coann benchmark (3rd quad)

• The LSP is 383.52 GeV; the lighter stau is 383.8 GeV.  
• The stau lifetime is                .  Probed via long-lived stau searches? 

• Gluino is 1980 GeV.
• Squarks:

• The gluino branching ratios are
•                             [52%]
•                             [20%]
•                             [28%]

• Probed via gluino pair production?
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• stop and sbottom decays mostly involve cascades with �0
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q + �.

• stau decay involves o↵-shell tau (SUSYHIT didn’t compute the width).

20

and is dominantly Bino dark matter with

�0
1 �0

2 �0
3 �0

4

eB 99.9% 0.% 0.1% 0.%

fW 0.% 99.6% 0.3% 0.

eHd 0.% 0.1% 49.9 50.

eHu 0.1% 0.3% 49.7% 49.9

��
1 ��

2 �+
1 �+

2

fW+ 99.9% 0.1%

eH+
u 0.1% 99.9%

fW� 99.3% 0.7%

eH�
d 0.7 99.3

(31)

eq eb1 eb2 et1 et2
m [GeV] 1780.8 1529.9 1715.3 1067.2 1562.9

(32)

Input parameters

M0 M1/2 A0 tan� sign(µ) |µ| Bµ

259.515 900.862 -2296.71 9.23077 -1 -1555.68 7.574⇥ 107

Low energy spectrum

emg emq emt1 em� 1 em� 0 em� ± mh mA0 ⌦h2 �SI � v � ⌦

1978.2 1818.8 1067.2 383.8 383.52 732.23 122.17 1682.5 0.1156 1.521⇥ 10�14 1300 33

TABLE 4.3.2: Stau coannihilation benchmark, upper half plane, large negative A0.

• Table 4.3.2

• gluino decays XX% stop 1 and top; XX% sbottom1 and bottom; XX% stop2 and top;

XX% to sbottom2 and bottom

• stop and sbottom decays mostly involve cascades with �0

• left handed light squarks involve cascades; right handed light squarks go straight to

q + �.

• stau decay involves o↵-shell tau (SUSYHIT didn’t compute the width).

O
�
10�2 s

�

eg ! et1,2 + t
eg ! eb1,2 + b
eg ! eq + q

Citron, Ellis, Luo, Marrouche, Olive, Vries [arXiv:1212.2886]
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A Missing Simplified Model

• A new simplified model appears in stop coannihilation

42

47

4.5.3. Benchmark 5.1

Input parameters

M
0

M
1/2 A

0

tan� sign(µ) |µ| Bµ

2666.67 933.333 -6444. 8.52015 -1 -2794.86 3.27421⇥ 108

Low energy spectrum

emg emq emt1 em⌧1 m� m�±
1

mh mA0 ⌦h2 �
SI

�v �
⌦

2174.1 3200.3 445.51 2636.4 410.64 790.82 124.17 3878.4 0.1159 2.055⇥ 10�13 4500 800

TABLE 4.5.1: Stop coannihilation observable.

This is benchmark provides an example of a point in the stop coannihilation region that

is observable at the 14 TeV LHC. The electroweakinos are nearly pure with masses and

orderings given by

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 410.64 790.68 2834.1 2834.4 790.82 2835.2

(49)

The squark spectrum is

eq edc
3

eq
3

euc
3

m [TeV] 3.2 3.1 0.45 2.3
(50)

The lightest stop decays are

et
1

!

8
><

>:

c�0

1

69%

b (W+)⇤ �0

1

31%
(51)

The gluinos decay to one final state:

eg ! tet
1

+ c.c. 100% (52)

The production largest cross section is for et
1

pair production. At 14 TeV

�(p p ! et
1

et
1

) = 1.21 pb. (53)
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1/2 A
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�0

4

�±
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�±
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(49)

The squark spectrum is

eq edc
3

eq
3

euc
3

m [TeV] 3.2 3.1 0.45 2.3
(50)

The lightest stop decays are

et
1

!

8
><

>:
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1

69%
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1

31%
(51)
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1

pair production. At 14 TeV

�(p p ! et
1
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1

) = 1.21 pb. (53)
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TABLE 4.5.1: Stop coannihilation observable.

This is benchmark provides an example of a point in the stop coannihilation region that

is observable at the 14 TeV LHC. The electroweakinos are nearly pure with masses and

orderings given by

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 410.64 790.68 2834.1 2834.4 790.82 2835.2

(49)

The squark spectrum is

eq edc
3

eq
3

euc
3

m [TeV] 3.2 3.1 0.45 2.3
(50)

The lightest stop decays are

et
1

!

8
><

>:

c�0

1

69%

b (W+)⇤ �0

1

31%
(51)

The gluinos decay to one final state:

eg ! tet
1

+ c.c. 100% (52)

The production largest cross section is for et
1

pair production. At 14 TeV

�(p p ! et
1

et
1

) = 1.21 pb. (53)

48

However, given that the stop and LSP are incredibly degenerate, the decay products would

be extremely soft. This process will be unobservable.

The discovery mode will be either gluino pair production or gluino squark associated

production:

�(p p ! eg eg) = 0.42 fb (54)

�(p p ! eg eq) = 0.43 fb. (55)

Given the squark spectrum in Eq. (49), it is clear that associated production will dominantly

include the right handed up-type squarks. We will assume this makes up 100% of the

production for our estimates.

The squark decays are

eqR ! q eg 100% (56)

eqL !

8
>>>><

>>>>:

q eg 88%

q0 �+

1

8%

q �0

2

4%

(57)

Due to the stop-neutralino degeneracy, any et
1

in the final state will manifest as missing

energy. Putting all of this together gives

�(p p ! t t /ET X) = 0.41 fb (58)

�(p p ! t t /ET X) = 0.42 fb (59)

Direct squark production is subdominant:

�(p p ! eq eq) = 0.070 fb (60)

�(p p ! eq eq⇤) = 0.0096 fb. (61)

Note that both wino decays to two body final states including a stop. The charged wino

decay yields a b while the neutral wino decay yields a t. Therefore, the majority of these

decays will yield jets, tops and /ET in the final state. It would be interesting to investigate

if these signals could be distinguished from the production modes involving the gluino.

The direct production cross sections for e�+

1

e��
1

or e�±
1

e�0

2

is ⇠ 3 fb. The charged winos

decay to b+ /ET and the neutral wino gives t+ /ET . The only signal which would be potentially
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4.5.3. Benchmark 5.1

Input parameters

M
0

M
1/2 A

0

tan� sign(µ) |µ| Bµ

2666.67 933.333 -6444. 8.52015 -1 -2794.86 3.27421⇥ 108

Low energy spectrum

emg emq emt1 em⌧1 m� m�±
1
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TABLE 4.5.1: Stop coannihilation observable.

This is benchmark provides an example of a point in the stop coannihilation region that

is observable at the 14 TeV LHC. The electroweakinos are nearly pure with masses and

orderings given by

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 410.64 790.68 2834.1 2834.4 790.82 2835.2

(49)

The squark spectrum is

eq edc
3

eq
3

euc
3

m [TeV] 3.2 3.1 0.45 2.3
(50)

The lightest stop decays are

et
1

!

8
><

>:

c�0

1

69%

b (W+)⇤ �0

1

31%
(51)

The gluinos decay to one final state:

eg ! tet
1

+ c.c. 100% (52)

The production largest cross section is for et
1

pair production. At 14 TeV

�(p p ! et
1

et
1

) = 1.21 pb. (53)

48

However, given that the stop and LSP are incredibly degenerate, the decay products would

be extremely soft. This process will be unobservable.

The discovery mode will be either gluino pair production or gluino squark associated

production:

�(p p ! eg eg) = 0.42 fb (54)

�(p p ! eg eq) = 0.43 fb. (55)

Given the squark spectrum in Eq. (49), it is clear that associated production will dominantly

include the right handed up-type squarks. We will assume this makes up 100% of the

production for our estimates.

The squark decays are

eqR ! q eg 100% (56)

eqL !

8
>>>><

>>>>:

q eg 88%

q0 �+

1

8%

q �0

2

4%

(57)

Due to the stop-neutralino degeneracy, any et
1

in the final state will manifest as missing

energy. Putting all of this together gives

�(p p ! t t /ET X) = 0.41 fb (58)

�(p p ! t t /ET X) = 0.42 fb (59)

Direct squark production is subdominant:

�(p p ! eq eq) = 0.070 fb (60)

�(p p ! eq eq⇤) = 0.0096 fb. (61)

Note that both wino decays to two body final states including a stop. The charged wino

decay yields a b while the neutral wino decay yields a t. Therefore, the majority of these

decays will yield jets, tops and /ET in the final state. It would be interesting to investigate

if these signals could be distinguished from the production modes involving the gluino.

The direct production cross sections for e�+

1

e��
1

or e�±
1

e�0

2

is ⇠ 3 fb. The charged winos

decay to b+ /ET and the neutral wino gives t+ /ET . The only signal which would be potentially
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However, given that the stop and LSP are incredibly degenerate, the decay products would

be extremely soft. This process will be unobservable.

The discovery mode will be either gluino pair production or gluino squark associated

production:

�(p p ! eg eg) = 0.42 fb (54)

�(p p ! eg eq) = 0.43 fb. (55)

Given the squark spectrum in Eq. (49), it is clear that associated production will dominantly

include the right handed up-type squarks. We will assume this makes up 100% of the

production for our estimates.

The squark decays are

eqR ! q eg 100% (56)

eqL !

8
>>>><

>>>>:

q eg 88%

q0 �+

1

8%

q �0

2

4%

(57)

Due to the stop-neutralino degeneracy, any et
1

in the final state will manifest as missing

energy. Putting all of this together gives

�(p p ! t t /ET X) = 0.41 fb (58)

�(p p ! t t /ET X) = 0.42 fb (59)

Direct squark production is subdominant:

�(p p ! eq eq) = 0.070 fb (60)

�(p p ! eq eq⇤) = 0.0096 fb. (61)

Note that both wino decays to two body final states including a stop. The charged wino

decay yields a b while the neutral wino decay yields a t. Therefore, the majority of these

decays will yield jets, tops and /ET in the final state. It would be interesting to investigate

if these signals could be distinguished from the production modes involving the gluino.

The direct production cross sections for e�+

1

e��
1

or e�±
1

e�0

2

is ⇠ 3 fb. The charged winos

decay to b+ /ET and the neutral wino gives t+ /ET . The only signal which would be potentially
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4.5.3. Benchmark 5.1

Input parameters

M
0

M 1
2

A
0

tan� sign(µ) |µ| p
Bµ

2666.67 933.333 -6444. 8.52015 -1 2794.86 18094.8

Low energy spectrum

mg̃ mq̃ m
˜t1

m⌧̃1 m� m�±
1

mh mA ⌦h2 �
SI

[pb] �v �
⌦

2170 3200 446 2640 411 791 124 3880 0.116 2.06⇥ 10�13 4500 800

TABLE 4.5.1: Stop coannihilation benchmark. Dimensionful values are in GeV unless otherwise

stated.

This is benchmark provides an example of a point in the stop coannihilation region that

is observable at the 13 TeV LHC. The electroweakinos are nearly pure with masses and

orderings given by

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 411 791 2830 2830 791 2840

(78)

The squark spectrum is

eq edc
3

eq
3

euc
3

m [TeV] 3.2 3.1 0.45 2.3
(79)

The lightest stop decays are

et
1

!

8
><

>:

c�0

1

69%

b (W+)⇤ �0

1

31%
(80)

The gluinos decay to one final state:

eg ! tet
1

+ c.c. 100% (81)

The production largest cross section is for et
1

pair production. At 13 TeV

�(p p ! et
1

et
1

) = 0.96 pb. (82)



A Missing Simplified Model

• A new simplified model appears in stop coannihilation
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47

4.5.3. Benchmark 5.1

Input parameters

M
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M
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TABLE 4.5.1: Stop coannihilation observable.

This is benchmark provides an example of a point in the stop coannihilation region that

is observable at the 14 TeV LHC. The electroweakinos are nearly pure with masses and

orderings given by

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4
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However, given that the stop and LSP are incredibly degenerate, the decay products would

be extremely soft. This process will be unobservable.

The discovery mode will be either gluino pair production or gluino squark associated

production:

�(p p ! eg eg) = 0.42 fb (54)

�(p p ! eg eq) = 0.43 fb. (55)

Given the squark spectrum in Eq. (49), it is clear that associated production will dominantly

include the right handed up-type squarks. We will assume this makes up 100% of the

production for our estimates.

The squark decays are

eqR ! q eg 100% (56)

eqL !

8
>>>><

>>>>:

q eg 88%

q0 �+

1

8%

q �0

2

4%

(57)

Due to the stop-neutralino degeneracy, any et
1

in the final state will manifest as missing

energy. Putting all of this together gives

�(p p ! t t /ET X) = 0.41 fb (58)

�(p p ! t t /ET X) = 0.42 fb (59)

Direct squark production is subdominant:

�(p p ! eq eq) = 0.070 fb (60)

�(p p ! eq eq⇤) = 0.0096 fb. (61)

Note that both wino decays to two body final states including a stop. The charged wino

decay yields a b while the neutral wino decay yields a t. Therefore, the majority of these

decays will yield jets, tops and /ET in the final state. It would be interesting to investigate

if these signals could be distinguished from the production modes involving the gluino.

The direct production cross sections for e�+

1

e��
1

or e�±
1

e�0

2

is ⇠ 3 fb. The charged winos

decay to b+ /ET and the neutral wino gives t+ /ET . The only signal which would be potentially
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Same Sign Tops
(boosted)

/4652

4.5.3. Benchmark 5.1

Input parameters

M
0

M 1
2

A
0

tan� sign(µ) |µ| p
Bµ

2666.67 933.333 -6444. 8.52015 -1 2794.86 18094.8

Low energy spectrum

mg̃ mq̃ m
˜t1

m⌧̃1 m� m�±
1

mh mA ⌦h2 �
SI

[pb] �v �
⌦

2170 3200 446 2640 411 791 124 3880 0.116 2.06⇥ 10�13 4500 800

TABLE 4.5.1: Stop coannihilation benchmark. Dimensionful values are in GeV unless otherwise

stated.

This is benchmark provides an example of a point in the stop coannihilation region that

is observable at the 13 TeV LHC. The electroweakinos are nearly pure with masses and

orderings given by

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 411 791 2830 2830 791 2840

(78)

The squark spectrum is

eq edc
3

eq
3

euc
3

m [TeV] 3.2 3.1 0.45 2.3
(79)

The lightest stop decays are

et
1

!

8
><

>:

c�0

1

69%

b (W+)⇤ �0

1

31%
(80)

The gluinos decay to one final state:

eg ! tet
1

+ c.c. 100% (81)

The production largest cross section is for et
1

pair production. At 13 TeV

�(p p ! et
1

et
1

) = 0.96 pb. (82)
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Some spectra will require beyond 33 TeV LHC. 
Is direct detection hopeless?!?
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New contribution at 1-loop

• Possibly observable for large A terms.

44

50

the LSP.

These large A-terms have another important physical concequence — they can contribute

to direct detection at 1 loop via the diagram in Fig. 4.5.4. The appropriate 1-loop calculation

has been performed [91–93]. However, the region of parameter space resulting in stop

coannihilation has not been fully explored. While a full reevaluation of the 1-loop diagrams

are beyond the scope of this work, it is possible to estimate the size of these contributions.

FIG. 4.5.4: One of the 1-loop direct detection diagrams which can dominate over the tree level

contribution in the stop coannihilation region.

Consider the e↵ective operator for Higgs mediated spin-independent direct detection after

the Higgs boson has been integrated out:

O
SI

=

✓
yq y�
m2

h

◆
�� q q, (71)

where y� is the e↵ective coupling between the dark matter and the Higgs and yq is the quark

Yukawa coupling. The estimate for the size of the correction from Fig. 4.5.4 is

y� ⇠ g02 Nc

16 ⇡2

�
Qq

Y Quc

Y

� At(m˜t1 + C mt)

m2

˜t1

(72)

where g0 is the hypercharge gauge coupling, Nc = 3 is the number of colors, Qi
Y is the

hypercharge of the particle i, and C is a numerical constant that has not been computed.

Note that for this region m
˜t1 � mt so that it is safe to ignore the contribution to the

estimate that is proportional to mt.

Following the conventions of [39], this yields

�1�loop

SI

⇠ 3⇥ 10�13 pb⇥
✓

At

m
˜t1

◆
2

(73)
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• Range of A terms in the CMSSM from O(1-10).
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Conclusions
46

A0

• CMSSM provides tractable ansatz & allows study of full 
parameter space.

• Provided a map of the CMSSM consistent with Higgs mass 
& thermal dark matter.

• Demonstrated that parameter space is compact.

• Regions will remain unconstrained after LHC13 and Ton 
scale spin-independent direct detection?

• CMSSM predictions extend far beyond previous claims!

•     -pole annihilation
• Stop coannihilation
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