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Run I Data Well Described by SM Processes 







Higgs!!   `I Think We Have It’ 
§  Our shiny new  
    Boson!  
§  δmh

theory  ~ 3 GeV 
»  Well exceeds exp’t error! 
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Use Higgs as a Tool for Discovery 
§  Higgs offers unique portal for discovery 
§  Key properties we need to understand 
»  Total width 
»  Couplings to SM particles 
»  Shape of Higgs potential: self-interactions 
»  Is there a CP-odd component? 
»  Do Higgs couplings violate flavor? 
»  How does Higgs interact with neutrinos? 
»  Does the Higgs generate mass for Dark Matter? 
»  How many Higgs Bosons are there? 
»  Is Higgs elementary or composite? 
»  Is the universe in a false vacuum? 

Study the Higgs in as much detail as possible! 



Higgs Mass:  Tension with SUSY? 
§  125 GeV Higgs requires SUSY `sweet-spot’ 
»  Large stop mass/mixing 

Hahn etal 1404.0186 



Higgs Couplings 
§  Higgs is looking more-or-less SM-like, but 

measurements have large errors at present 

•  tth is 2σ from SM value 
 

•  Something to watch! 



Higgs Couplings:  Model Independent Approach 

§  In a complete 
analysis all 34 + 
25 4-fermion 
operators need to 
be considered. 

§  Demonstrates the 
art of choosing a 
basis 

Grzadkowski etal 1008.4884 



Higgs Couplings:  Model Independent Approach 

§  Effective Field Theory of EW Gauge sector + Higgs 
§  Finite set of Dimension-6 operators 

Comparison of  bounds from 
•  Oblique parameters S,T,U from 
     EW precision measurements 
•  95% CL ggèhèγγ 
•  Demonstrates the 

complementarity 

Chen, Dawson, Zhang, 1311.3107   



Precision Measurements of Higgs Couplings 
§  Indirect effects of Supersymmetry affects Higgs couplings 

§  pMSSM Study:  Higgs coupling measurements sensitive to 
models not accessible to HL-LHC  

Cahill-Rowley etal, 1407.7021 

Study Ratio: ΓpMSSM/ΓSM 

ττ bb 



Combined Effect of γγ, ττ, bb Channels vs Direct A Search 
LHC HL-LHC 

ILC HL-ILC 

1407.7021 



Higgs Triple Self-Coupling  
§  Study of Supersymmetric effects 
§  What level of precision is necessary? 

>1 Higgs observed @LHC 
Only 1 Higgs @LHC 

Stop mass < 1 TeV 
1 TeV < Stop < 2.5 TeV 
2.5 TeV < Stop mass 
 

MSSM 

NMSSM 
Eventual expected exp’t 
precision Δghhh ~ 20% 

Gupta, Rzehak, Wells 1305.6397 



Test Unitarity in WW/ZZ Scattering 

•  Important for HL-LHC program!! 
 

•  Invariant mass distributions in Two-Higgs-Doublet-
Model Chang, Cheung, Luy, Yuan, 1303.6335 



The Hierarchy Problem 
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Quantum Corrections: 
 
Virtual Effects drag 
Weak Scale to MPl 



A Cellar of New Ideas 
’67        The Standard Model 
 

’77        Vin de Technicolor 
 

’70’s      Supersymmetry:  MSSM 
 

’90’s      SUSY Beyond MSSM  
 

’90’s      CP Violating Higgs 
 

’98         Extra Dimensions 
 

’02         Little Higgs 
 

’03         Fat Higgs 

’03         Higgsless 
’04         Split Supersymmetry 
’05         Twin Higgs 

a classic! 
aged to perfection 

better drink now 

mature, balanced, well 
developed - the Wino’s choice  

complex structure 

sleeper of the vintage 
what a surprise! 

svinters blend 

all upfront, no finish 
lacks symmetry 

young, still tannic 
needs to develop 

bold, peppery, spicy 
uncertain terrior 

J. Hewett 

finely-tuned 
double the taste 







Rizzo 

SUSY 

pMSSM 

MSSM 

N=1 

CMSSM 

NMSSM 
  Dirac 
gauginos 

singlinos 

U(1)’  
 

      SUSY is complex: 
     not  a single model  
      but a large framework 
 
        SUSY can be hiding 
           & may only appear 
                 at 14 TeV 

  SUSY is too big   
 to explore without 
SOME assumptions 

νc 

 .  



CMSSM After LHC Run I 

•  CMSSM: m0, m1/2, A0, tan β, 
sgn(µ)  

•  Fit to global data set 
•  µ > 0 
•  68% CL, 95% CL (solid curves) 
•  best fit point 
 

Buchmueller etal, 1312.5250 



CMSSM After LHC Run I 
 

•  CMSSM: m0, m1/2, A0, tan β, 
sgn(µ)  

•  Fit to global data set 
•  µ < 0 
•  68% CL, 95% CL (solid curves) 
•  best fit point 
•  Constrained by g-2, bèsγ, mh 
 Buchmueller etal, 1312.5250 



pMSSM after LHC Run I 

Cahill-Rowley etal, 1407.4130  

•  19-parameter MSSM with Neutralino LSP 
•  Consistent with global data set 
•  Subjected to ~40 LHC Run I SUSY Searches 

Simplified Model Limit (ATLAS) 
Gluino mass 

LS
P 

m
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pMSSM after LHC Run I 

Cahill-Rowley etal, 1407.4130  

•  19-parameter MSSM with Neutralino LSP 
•  Consistent with global data set 
•  Subjected to ~40 LHC Run I SUSY Searches 

Simplified Model Limit (ATLAS) 

•  Compressed Spectra 
•  Stealth SUSY 
   - Complicated dk chains 
•  Kinematics 

•  2-parameter 
Simplified Model 
provides good 
approximation 

Fraction of models excluded 

Gluino mass 

LS
P 

m
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pMSSM after LHC Run I 

Cahill-Rowley etal, 1407.4130  

•  19-parameter MSSM with Neutralino LSP 
•  Consistent with global data set 
•  Subjected to ~40 LHC Run I SUSY Searches 

Simplified Model Limit (ATLAS) 

•  3-parameter 
Simplified Model does 
NOT provide a good 
approximation 

Fraction of models excluded 

•  Light Squarks/
Gluinos still allowed! 
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pMSSM Expectations for 14 TeV 

300 fb-1 3 ab-1 

Jets+MET & Stop Search (ATLAS European Strategy & 
Snowmass Study) 

1407.4130  



Whither Naturalness? 

Arkani-Hamed 



Naturalness Crisis! 



Naturalness Crisis! 



Naturalness 
§  How is naturalness quantified? 

§  Traditional (Barbieri-Giudice): 

 
§  High-Scale: 
 
§  Electroweak Scale: 

Generally 



Naturalness: CMSSM 

Baer etal, 1309.2984  



Low Fine-Tuned pMSSM Model Sample 

mh =126 ± 3 GeV 
Ωh2 = 0.1153 ± 0.095 

•  Generated specific pMSSM model set with low fine-
tuning 

•  Consistent with global data set 
•  Barbieri-Giudice formalism 

Cahill-Rowley etal, 1407.4130  
ΔBG 



pMSSM Low Fine-Tuning Sample Spectrum 

•  Light stop/sbottom 
•  Suite of light EW gauginos 
 
 
 
 
•  The necessity of both a light  
    bino for relic density, a light 
    Higgsino & a not too heavy 
    wino for low-FT can make  
    the stop decays quite  
    complex ! 



14 TeV Coverage of pMSSM Low Fine-Tuning Models 

•  Jets+MET & Stop Search (ATLAS European Strategy & 
Snowmass Study) 

•  3 ab-1 covers entire set! 

300 fb-1 300 fb-1 



Maximally Natural Supersymmetry 
§  5-dimensional SUSY with Scherk-Schwarz SUSY breaking at KK 

scale (1/R) of several TeV 
§  Gauginos, Higgsinos, 1st two generations of sfermions get 

masses of 1/2R 
§  3rd family is localized on 4D brane 
§  Only Hu acquires a vev – no µ-term 
»  Higgs is SM-like 

§  Broken U(1)’ raises Higgs mass, with  
     mZ’ ~ 1/R 

Dimopoulos, Howe, March-Russell 
1404.7554 



Higgs Mass and Unnatural Supersymmetry 
§  High-scale or Split Supersymmetry 
§  Compute matching conditions for Higgs mass with 

high intermediate SUSY scale Bagnaschi, Giudice, Slavich, Strumia 
1407.4081 



No Sign of SUSY or any other New Physics… 

…or is 
there?? 



No Sign of SUSY or any other New Physics… 

…or is 
there?? 



Anomaly: High WW cross section(?) 
§  Several potential explanations 

Curtin, Meade, Tien, 1406.0848 

Meade, Ramani Zeng, 1407.4481 

Curtin, Jaisal, Meade, 1206.6888 

Jet-veto in SM WW production 

Light Charginos 

Light Stops 

It’s part of 
science to 
have this type 
of discussion! 



Dark Matter 
§  ~85% of the matter in the universe! 
§  New physics that we know exists! 
§  WIMP miracle 
§  Unitarity sets upper bound on DM mass ~tens of TeV 

Toro 



Dark Matter in Supersymmetry 

Cahill-Rowley etal, 1405.6716 



Direct Detection in the MSSM 

Buchmueller etal, 1312.5250 Cahill-Rowley etal, 1405.6716  

•  Spin-independent cross section 
CMSSM – global fit pMSSM 



Indirect Detection of Dark Matter 

Stay Tuned! 

SLAC Summer Institute 2014 



Dark Matter at the LHC:  Mono-Whatever 

§  Mono-jet 
§  Mono-photon 
§  Mono-W/Z 
§  Mono-Higgs 
§  Mono-everything! 

The LHC The SM 

Direct/Indirect  
Detection 



Dark Matter Effective Theory 

§  Dark Matter is only state 
accessible to exp’t 

§  Mediating particles are 
heavy compared to exp’t 
energies 

Example: Majorana WIMP 
§  Described by 10 

operators with Lorentz 
and SU(3)xU(1)EM 
invarianant coupling to 
quarks & gluons 

§  Strength of operator is 
parametrized by M* 

Majorana WIMP operators 

Goodman etal, 1005.1286 



DM Effective Theory: Collider Results 



Validity of Effective Theory 
§  Collision energy can be > bounds on scale of 

contact interactions! 
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Figure 3. Left panel: The 90% CL limit on ⇤ as a function of mmed for our axial-vector simplified
model with mDM = 250 GeV. Right panel: The ratio of the inclusive cross-sections in the EFT
to the simplified model. In both panels, three distinct regions of parameter space are marked: In
Region I, the EFT and simplified model calculation agree at the level of 20% or better; in Region
II, the simplified model cross-section is larger than the EFT cross-section owing to a resonant
enhancement; and in Region III, the simplified model cross-section is smaller than the EFT cross-
section. In the left panel we consider two mediator widths �. The grey shaded regions indicate
that the boundary between the regions is weakly dependent on �.

comparison between the monojet limits and direct detection searches is more interesting

in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤ ⌘ mmedp
g

q

g

�

. (3.2)

In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.

– 6 –

Mmed >> ECM, the correct limit is obtained 
Mmed ~ ECM, the limit is underestimated 
Mmed << ECM, the limit is overestimated 

Buchmeuller, Dolan, McCabe, 1308.6799 



Simplified Model of Dark Matter 

•  Heavy squark Mediator 
•  Strong collider bounds 

for Majorana DM! 

•  Collider bounds 
compete with those 
from direct detection 

•  Can forecast the 
largest possible Spin-
Dependent cross 
sections 

DiFranzo, Nagao, Rajaraman, Tait, 1308.2679 



Why Jet Sub-structure? 



Boost 
§  Boosted techniques are essential for every analysis 

in this talk! 
»  Increase signal statistics 
»  Extend discovery reach 

§  Higgs interactions with heavy quarks 
§  Diboson production at high pT 
§  Search for new physics 
§  Mono-whatever 
§  Simplified Dark Matter models 
§  Plus many, many more!! 

§  Don’t forget √s = 100 TeV, where everything is 
boosted! 



Prospects for Run 2 

§  Determination of Higgs properties is key 

§  Continue search for new physics 

§  Watch present anomalies closely 

There is MUCH discovery space left!! 



Looking 
forward to 
data from 
Run 2 at 
13/14 TeV! 
 
Discoveries 
await! 


