
Estia Eichten                               MAP Spring Meeting, Fermilab                                    May 27, 2014                   

Fermilab

E. Eichten 
Fermilab  

Outline:

Future High Energy Colliders

1

– A Higgs boson — Now what? 

– Basics of Future High Energy Colliders                  (parallel talks Friday) 

– Higgs Studies and More Scalars                                   (Zhen Liu) 

– Supersymmetry                                                           (Adam Martin) 

– Other BSM physics: Dynamics, Dilatons, … 

– Summary and Outlook

Muon Accelerator Program 
Spring Meeting 

Fermilab, May 27-31, 2014

        MASS preliminary recommendations for MAP IBS           May 02, 2014 
 

9 
 

Annex II: Evolution of Muon based complex from Neutrino Factory to Muon Collider    

       

a) Layout of a Muon based Neutrino factory  

 
b) Layout of a Muon based Higgs factory  

 
c) Layout of a multi-TeV Muon Collider  
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A Higgs Boson - Now what?

– A Higgs Boson - Observed in 2012 by Atlas and CMS experiments at the LHC 

– Completes the spectrum of the SM  (Except for the origin of neutrino masses) 

– Spin and Parity consistent with 0+  (2+ and 0- ruled out > 3σ) 

– Couplings consistent with SM expectations  (Within present errors)

2

 µ = 0.80± 0.13 
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– Higgs coupling proportional to mass 

3

A Higgs Boson - Now what?
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– Indirect measurements are all consistent with  a                      
125.5 GeV Higgs 

!
!

– For a 125.5 GeV Higgs the SM is consistent to the 
Planck scale; but the vacuum is only metastable      
above 1010 GeV.        

!
!
!
!
!
!
!
!
!

– Theorists are intrigued by this edge of stability.   

4

 

Jean Elias-Miro et. al. 
  [arXiv:1112.3022]       

A Higgs Boson - Now what?
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A Higgs Boson - Now what?

– The SM Higgs: 

– All  properties are determined for given mass. 

– Any deviations signal new physics.   

– SM theoretical uncertainties can be greatly reduced:   

!
!
!
!
!
!

– Theoretical questions: 
– Couplings and width SM? 

– Scalar self-coupling SM? 

– Any non SM  or invisible decay modes? 

– The Higgs boson will be studied great detail at present and potential future colliders:       
LHC-14, LHC-HL, ILC, TLEP  

–  Muon Collider Higgs Factory (Mass and direct width measurements)
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�mb(10) �↵s(mZ) �mc(3) �b �c �g

current errors [10] 0.70 0.63 0.61 0.77 0.89 0.78

+ PT 0.69 0.40 0.34 0.74 0.57 0.49
+ LS 0.30 0.53 0.53 0.38 0.74 0.65
+ LS2 0.14 0.35 0.53 0.20 0.65 0.43

+ PT + LS 0.28 0.17 0.21 0.30 0.27 0.21
+ PT + LS2 0.12 0.14 0.20 0.13 0.24 0.17

+ PT + LS2 + ST 0.09 0.08 0.20 0.10 0.22 0.09

ILC goal 0.30 0.70 0.60

Table 1: Projected fractional errors, in percent, for the MS QCD coupling and heavy quark
masses under di↵erent scenarios for improved analyses. The improvements considered are:
PT - addition of 4th order QCD perturbation theory, LS, LS2 - reduction of the lattice
spacing to 0.03 fm and to 0.023 fm; ST - increasing the statistics of the simulation by a
factor of 100. The last three columns convert the errors in input parameters into errors on
Higgs couplings, taking account of correlations. The bottom line gives the target values of
these errors suggested by the projections for the ILC measurement accuracies.

are presented in Table 1. This table shows the percent errors we expect in the masses
and coupling from the correlator analysis under various scenarios for improvements:
PT denotes the e↵ect of computing QCD perturbation theory through 4th order. LS
denotes the e↵ect of decreasing the lattice spacing to 0.03 fm. LS2 denotes the e↵ect
of using lattices with 0.03 fm and 0.023 fm lattice spacing. We recall that the stage
LS2 corresponds to an increase in computing power by about a factor of 100. ST
denotes the e↵ect of improving the statistics by a factor of 100. We also show percent
errors for the Higgs couplings to bb, cc, and gg, accounting for correlations among
the errors in the determination of the parameters. The last line of the table gives,
for comparison, the experimental uncertainties in the Higgs boson couplings expected
after the ILC measurements [5].

We find that reducing the lattice spacing to 0.023 fm is su�cient to bring paramet-
ric errors for the Higgs couplings below the errors expected from the full ILC. Adding
4th-order perturbation theory reduces the parametric errors further, to about half of
the expected ILC errors. Adding statistics gives a relatively small further reduction
in the errors.

These error estimates are likely conservative because they assume that there is no
further innovation in LQCD simulation methods. There already are many alterna-
tive lattice methods for extracting the QCD coupling from LQCD simulations: see,
for example, [32,40,41,42,43]. None of these methods involve heavy quark masses
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Lepage, Mackenzie, Peskin  
 [arXiv:1404.0319]

PT -> 4th order QCD 
LS -> a=0.03fm 
LS2 -> a=0.023fm 
ST -> x 100

124.0 124.5 125.0 125.5 126.0 126.5 127.0 127.5 128.0

M(higgs) (GeV)
10�4

10�3

10�2

10�1

100
Higgs Branching Ratios

bb̄

WW ⇤

gg

⌧+⌧�

ZZ⇤

cc̄

��

Z�

ss̄

µ+µ�



Fermilab

Estia Eichten                               MAP Spring Meeting, Fermilab                                    May 27, 2014                   

A Higgs Boson - Now what?

– The strong case for a TeV scale hadron collider rested on     
two arguments: 

1. Unitarity required that a mechanism for EWSB was manifest 
at or below the TeV scale.   

2. The SM is unnatural (‘t Hooft conditions). 

– Concept of naturalness. 
• K. Wilson,  G. ‘t Hooft 

• A theory [L(µ)] is natural at scale µ ⇔ for any small dimensionless 

parameter λ (e.q. m/µ) in L(µ) , the  limit λ -> 0 enhances the symmetries 
of L(µ) 

– The SM Higgs boson is unnatural.  (mH2/µ2) 
• Maybe no large gap in scales (Extra Dimensions) 

– Two potential solutions: 
• scalars not elementary —>   New strong dynamics (TC, walking TC, little 

Higgs, top color, ...) 

• fermion masses are natural —> Symmetry coupling fermions and bosons 
(SUSY) 

– Quest for the “natural” theory to replace the SM has preoccupied 
theorists since the early 80’s.  (Is there a third way?)

6

G. ‘t Hooft in Proceedings of  
 Recent Developments in Gauge Theories,  

Cargese, France (1980) 
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A Higgs Boson - Now what?

– The observed Higgs Boson resolves the unitarity crisis: mH = 125.5  GeV                                                                      
(New physics must appear at or below theTeV scale) 

– The second argument remains strong. but is now less rigorously tied to the TeV scale and 

– No evidence for new physics beyond the Standard Model (BSM)  to date: 
• BSM  (SUSY, Strong Dynamics, Extra Dimensions, New fermions or gauge bosons,…) 

– ATLAS limits                                                              

7

5/25/2014 ATLAS_SUSY_Summary.png (2831×2115)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/ATLAS_SUSY_Summary/ATLAS_SUSY_Summary.png 1/1

5/25/2014 ATLAS_Exotics_Summary.png (4513×3367)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.png 1/1



Fermilab

Estia Eichten                               MAP Spring Meeting, Fermilab                                    May 27, 2014                   

A Higgs Boson - Now what?

• CMS limits 

• Similarly B, D, K decays don’t show evidence for BSM physics. 

– BUT

8

CMS Exotica Physics Group Summary – March, 2014
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!
– There must be new physics: 

– The Standard Model is incomplete: 
• dark matter; neutrino masses and mixing -> new fields or interactions;    
• baryon asymmetry in the universe -> more CP violation 
• gauge unification -> new interactions;   
• gravity: strings and extra dimensions  

– Experimental hints of new physics:  (g-2)µ,  

– Scalar sector problematic:                                                                                                                     

μ2(Φ✝Φ) + λ (Φ✝Φ)2  + ΓijψiL
✝ψjRΦ + h.c.



!

– Scales already probed at the LHC suggest that to study BSM new physics a future  
energy frontier collider must have √ŝ in the multi-TeV range even for EW processes !!

Figure 8: Here the running of the couplings in the SM (left) and MSSM (right) is shown. In the MSSM unification
is possible due to threshold corrections of supersymmetric particles.

5 Gauge unification and the strong coupling constant

In this section we reconsider the determination of the coupling constants from the electroweak fit and
compare it with the coupling constants needed for unification. The gauge couplings in the MS scheme
determining unification can be written as:

α1 = (5/3)αMS/ cos2 θMS
W ,

α2 = αMS/ sin θMS
W ,

α3 = αMS
s ,

In the MSSM gauge unification can be reached in contrast to the SM (see Fig. 8). Instead of a common
SUSY mass scale we use a more sophisticated mass spectrum [6]-[8]. The high energy mSUGRA parameters
determine the low energy masses and couplings via RGEs. The running of the masses is shown in Fig. 9
for low and high values of tan β. The supersymmetric particles contribute to the running of the gauge
couplings at energies above their masses as shown in Fig. 10. The mass scale of SUSY particles and the
unification scale MGUT, which yields perfect unification is dependent on the low energy values of the gauge
couplings (see Fig. 11).

How good the gauge couplings can be unified at high energies depends on the experimental low energy
values of them. We use the fine structure constant α(MZ) = 1/127.953(49) [30]. The other ingredients at
MZ , the electroweak mixing angle sin2 θW and the strong coupling constant αs, are best determined from
the electroweak precision data of the MZ line shape at LEP and SLC. Unfortunately the sin2 θW data
disagree by about 3 σ. Clearly, the SLC value yields a Higgs mass, which is below the present Higgs limit
of 114.6 GeV, but the average value is consistent with it (see Fig. 2).

In addition, the strong coupling constant depends on the observables used in the fit: if only MZ , Γtot

and σ0
had are used, a value of αs = 0.115(4) is found as shown in Tab. 4, while the ratio Rl of the hadronic

and leptonic partial widths of the Z0 boson yields a higher value αs = 0.123(4). Another quantity, which
has been calculated up to O(α3

s) is the ratio of hadronic and leptonic widths of the τ lepton, Rτ , which
yields a value close to the value from Rl: αs = 0.121(3).

11
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mH2/M2planck ≈ 10-34 
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A Higgs Boson - Now what?

– But we don’t know the scale of new physics.  From electroweak scale to Planck scale. Worse 
case - no nearby scale.  Dark matter is axions and right handed neutrinos get mass at high 
scale.  Only an axion would be directly observable.  Best case - nearby physics 

!
!
!
!
!
!
!
!
!
!

– Possible new gauge bosons and fermions. 

– Naturalness requires nearby new physics.

10

Figure 1: Patterns of symmetry breaking from SO(10) to the Standard Model gauge group.

a Yukawa unified scenario. One would need to add larger representations and/or higher-

dimensional operators, as mentioned before. However, extending this sector would not have

a significant e↵ect for the purpose of this study, for it is mostly focused on sfermion masses

and any contribution coming from an extended Higgs sector can be neglected to the level

of approximation at which we are working.

As phenomenologically required, SUSY has to be broken and the generated soft-SUSY

breaking sector will depend on the particular breaking mediation mechanism. We assume

Supergravity (SUGRA) mediated SUSY breaking where SUSY is broken above the GUT

scale in a hidden particle sector. Before SO(10) breaking, these terms take the form

Lsoft =�m2
16F

1̃6
⇤
F 1̃6F �m2

10H
10⇤H10H

� 1

2
m1/2X̃X̃ � A0Y1̃6F 1̃6F10H � B0µH10H10H + c.c.

+ L⌃, (2)

where X̃ represents the gaugino field, 1̃6F and 10H refer to the scalar components of the

16F and 10H superfields respectively. The corresponding soft breaking masses are denoted

as m1/2, m2
16F

(in general a 3 ⇥ 3 matrix in generation space) and m2
10H

, respectively.

The term c.c. stands for complex conjugate and L⌃ collects any operators containing the

⌃ field, which are irrelevant for our discussion. The SUSY breaking equivalents of the

Yukawa coupling and Higgs µ-term are controlled by the common trilinear coupling A0 and

B0, respectively. In the following we will adopt the standard CMSSM boundary conditions

4

4 
H. Murayama 

Many of these models  
of new BSM physics  
were proposed to  
address some of the  
questions that are left  
unanswered by the SM : 
 
E.g. ,the gauge hierarchy 
problem or the generation 
& flavor problems 
 
..or simply to explain any  
data not consistent w/  
the SM such as the top  
FB asymmetry,  a too  
large rate for hoJJ or a  
130 GeV  ‘DM’  J-line  

Desert                          or                              Oasis
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– Hadron colliders - LHC-14, LHC-HL,  VLHC ≤ 100 TeV pp collider [(CERN), (China), (USA)],… 

– Comparison of lepton colliders: 

!
!
!
!
!
!
!
!
!
!
!

– Increase of luminosity with energy. Needed for new physics.  

– Wall power in  operation a major concern. 

– For √s above a few TeV only the muon collider remains a potentially viable lepton collider.

11

Peak Luminosity integrated over all IPs 
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J.P.Delahaye @ UCLA March 21,2013 Review of HIGGS Factory technology options 
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Figure 1: Performance and Physics of muon-based facilities over two frontiers and a wide energy range 

 
An alternative approach is proposed here.  It consists of a 
series of facilities built in stages, where each stage offers: 
• Unique physics capabilities such that the facility 

obtains support and is funded. 
• In parallel with the physics program, integration of 

an R&D platform to develop, test with beam, validate 
and get operational experience with a new 
technology that is necessary for the following stages. 

• Construction of each stage as an add-on to the 
previous stages, extensively reusing the equipment 
and systems already installed, such that the additional 
budget of each stage remains affordable. 

Such a staging plan [3, 4] thus provides clear decision 
points before embarking upon each subsequent stage. It is 
especially attractive at FNAL building on, and taking 
advantage of, existing or proposed facilities, specifically:  
• Existing tunnels and other conventional facilities; 
• Proton Improvement Plan (PIP) as the MW-class 

proton driver for muon generation; 
• SURF as developed for the LBNE detector, which 

could then house the detector for a long-baseline 
Neutrino Factory. 

It consists of a series of facilities with increasing 
complexity, each with performance characteristics 
providing unique physics reach (Fig.1) and from which 
parameters are summarized in table 1:   
• nuSTORM [5]: a short-baseline Neutrino Factory-

like facility enabling a definitive search for sterile 
neutrinos, as well as neutrino cross-section 
measurements that will ultimately be required for 
precision measurements at any long-baseline 
experiment. 

• NuMAX (Neutrinos from Muon Accelerator 
CompleX):  a long-baseline 5 GeV Neutrino Factory, 
optimized for a detector at SURF 1300km away from 
Fermilab, providing a precise and well-characterized 
neutrino source that exceeds the capabilities of 
conventional superbeams. 

• NuMAX+: a full-intensity Neutrino Factory, 
upgraded from NuMAX, with performances similar 
to IDS-NF [6] as ultimate source to enable precision 
CP-violation measurements in the neutrino sector  

• Higgs Factory: a collider capable of providing 
between 3500 (startup) and 13,500 Higgs events per 
year (107 sec) with exquisite energy resolution 
enabling direct Higgs mass and width measurements. 

• Multi-TeV Collider:  if warranted by LHC results, a 
multi-TeV Muon Collider, with an ultimate energy 
reach up of to 6 to 10 TeV, likely offers the best 
performance and least cost and power consumption 
for any lepton collider operating in the multi-TeV 
regime (fig. 2).  

 

Figure 2:  Luminosity per wall plug power 
consumption as figure of merit of the various Lepton 
collider technologies 

J-P. Delahaye, et al. [arXiv:1308.0494]

Basics of Future High Energy Colliders
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– Limitations on energy and luminosity of a muon collider (a theorist’s view) 

– Production of muons:  Nµ = 2x1012 (µ± /beam) x 12 (beams/sec-1) -> 7.5 x 1020 (µ± /year) 

– ∫dtℒ  = 1.32 ab-1 (Ecm/(3TeV))2  (Nµ/(7.5 x 1020))2 

– Neutrino beams far radiation: 

!
!
!
!

!

– dose ∝ Nµ Ecm 3R-2 :  If maximum dose = 0.3 mSv/yr = 30 mrem/yr 

!
!

– For 7.5 x 1020 (µ± /year)  and  ring depth  = 100 m:  

– Maximum luminosity ~ 4.6 ab-1/yr at Ecm ~ 6 TeV.                                                                    

Basics of Future High Energy Colliders
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Table 1: Main parameters of the various muon-based facilities in a phased approach 
 

A POSSIBLE STAGED SCENARIO 
The staged scenario is based on a progressive 
implementation of facilities with increasing complexity 
by adding systems to the previous installed systems. It 
takes advantage of the strong synergies between Neutrino 
Factory and Muon Collider. Both require:  
• A proton driver producing a high-power multi-GeV 

bunched proton beam.  
• A pion production target operating in a high-field 

solenoid.  A solenoid confines the pions radially, 
guiding them into a decay channel. 

• A “front end” consisting of a solenoid focused 
π→µ decay channel, followed by a system of RF 
cavities to capture the muons longitudinally and 
phase rotate them into a suitable bunch train. 

• A cooling channel that uses ionization cooling to 
reduce the phase space occupied by the beam from 
the initial volume at the exit of the front end to what 
is required by the facility.   

• A series of fast acceleration stages to take the muon 
beams to the relevant factory or collider energies.   

Neutrino factory: NuMAX 
The block diagram of a Neutrino factory is displayed in 
Fig 2a. It takes advantage of the Proton Improvement 
Program (PIP) accelerating the proton beam in two stages 
up to 3 GeV and further accelerated by a straight dual 
650MHz linac before hitting the target for pion 
production. The muons produced by pion decay, captured 
and bunched in the front end are recirculated to the dual 
linac for further acceleration up to 5 GeV as required by 
NuMAX. The dual use linac concept accelerating both the 
proton and the muon beams provides an opportunity for 
considerable savings. It requires an initial cooling to 
match muon beam emittances to the acceptances of linac 
at the 325 and 650MHz RF standards adopted by the 
FNAL PIP program. The initial cooling specifications 
result from a cost optimization as the best trade-off 
between linac and cooling. The Neutrino Factory complex  

 Fig2: Evolution of Muon based complex from 
Neutrino Factory to Muon Collider    

       

a) Layout of a Muon based Neutrino factory  

 
b) Layout of a Muon based Higgs factory  

 
c) Layout of a multi-TeV Muon Collider  
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Figure 4: Maximum dose equivalent in TEP embedded
in soil in high-energy muon collider orbit plane with
1.2×1021 decays per year vs distance from ring center.

6 MITIGATION
Since the ν-beam is highly collimated and directional—
the intrinsic divergence is only 50µrad from 2 TeV muon
decay—it was proposed to vary the direction in which the
secondary ν-beam is produced [3, 8]. The beam is already
spread in a horizontal disc by the collider dipoles. A verti-
cal wave can be introduced to distribute the radiation over
a larger area with lower average dose. This vertical wave
should vary in strength and phase over time so as to best di-
lute the dose. MARS calculations indicate that such a float-
ing vertical wave installed in the arcs can reduce the ν-flux
by more than an order of magnitude (Fig. 5). The ∼8 m
arc dipoles can be rolled by 20 mrad to achieve the desired
200 µrad kick (B∼0.2 T in Fig. 5). To avoid the complica-
tion of skewed quadrupoles, net rolls or horizontal magnetic
fields are canceled before entering quadrupoles. That is, the
first dipole in a set of three is rolled 10 mrad horizontally,
the next double that in the opposite direction, and the last by
the same amount in the original direction to almost exactly
cancel coupling, vertical dispersion, and amplitude effects.
Reverse rolls and other changes can be executed from time
to time to reduce dose levels in all directions.

Table 1: Radial distance, R, from the ring center with
center-of-mass energy,

√
s, and depth, d, needed to reduce

neutrino-induced dose at surface to DOE (100 mrem) and
Fermilab (10 mrem) annual off-site limits at ND decays/yr.

√
s (TeV) 0.5 1 2 3 4

ND×1021 0.2 0.2 2 2 2
100 mrem R (km) 0.4 1.1 6.5 12 18

d (m) ≤1 ≤1 3.3 11 25
10 mrem R (km) 1.2 3.2 21 37 57

d (m) ≤1 ≤1 34 107 254
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Figure 5: Average dose in TEP located in orbit plane vs dis-
tance from ring center in soil around a 2+2 TeV muon col-
lider with 1.2×1021 decays per year for five values of ver-
tical wave field.

7 CONCLUSIONS
Neutrino induced radiation is one of the main challenges to
the design and civil engineering aspects of a high-energy
muon collider. The newly updated MARS provides a valu-
able tool to calculate the extent of the problem and address
proposed mitigations. Preliminary results presented here
show how dose depends strongly on muon collider energy
and on the geometry between source and TEP. Beam wob-
bling holds promise to significantly alleviate the problem.
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– Variation of total muons  per year with the constraints:  

– Ecm = 6 TeV  —>  7.0 x 1020 (µ± /year)  ∫dtℒ = 4.6 ab-1/yr 

– Ecm = 10 TeV —>  1.5 x 1020 (µ± /year)  ∫dtℒ = 0.6 ab-1/yr 

– Cross Sections at a Muon Collider: 

– For s-channel pair production  (|θ| > 10°)                                                                                                   
R = σ/σQED(µ+µ- -> e+e-) ~ flat:  

!
– Resonance production:  R large 

!
!

– Fusion Processes:  For SM pair production  (|θ| > 10°)                                               

!
!
!
!
!
!

– An EW boson collider !!
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Z0⌫µ⌫̄µ

Muon Collider SM Cross Sections
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 with energy 
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– Sample cross sections for Sparticles  
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s (TeV)
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L

t̃L˜̄tR

Various MSSM Cross Sections

22,000 chargino 𝞆±
2 pairs/year 

      5,700 neutralino 𝞆02 𝞆01 pairs/year

      3,600 stop  pairs/year

At 6 TeV with particle 
 masses below threshold 
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– VLHC:  up to 100 TeV 

– The physics reach of these colliders is relatively simple to estimate. 

– Since EHLQ (30 yrs ago) there have been great advances in theory and experiment: 
• Background measurements, detector advances, improved PDF’s, higher order QCD/EW calculations.  

• Integrated luminosities (300 fb-1/yr) - Almost two orders of magnitude greater were assumed for the SSC.
Eichten et al. : Supercollider physics 673
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FIG. 193. Cross sections for the reaction pp~gg+ anything
as a function of gluino mass, according to the parton distribu-
tions of Set 2. Cuts are as in Fig. 191, but the squark mass is
chosen as 0.5 TeV/c .

states, then the cross sections are equal in pp and pp col-
lisions. The total cross section is shown in Fig. 195 for
the case of equal squark and gluino masses and the parton
distributions of Set 2.
We next consider the pair production of squarks in p ~p

collisions. In these considerations we shall assume for
simplicity that the scalar partners of left- and right-
handed quarks are degenerate in mass but distinguishable,
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FICx. 194. Cross sections for the reaction pp~gg+ anything
as a function of gluino mass, according to the parton distribu-
tions of Set 1. Cuts and parameters are as in Fig. 191.
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and that the up and down squarks have a common mass.
The generalization to left- and right-"handed" squarks
with unequal masses is explained in Dawson et al. (1984).
Some restrictions on mass differences among squarks of
different flavors have been deduced by Suzuki (1982). We
further assume that there is no mixing between squarks,
and that a quark of a given flavor and chirality couples
only to the squark labeled by the same flavor and chirali-
ty. None of our general conclusions depends critically
upon these assumptions.
The processes leading to the production of left- and

right-handed up and down squarks in p -p collisions are

p —p—+q„qd +anything,
p —p~(q„q„or qd qd )+anything,
p—+p—+q *„q~+anything,
p +—p~(q*„q*„orq dq d)+anything,
p +p~(q*„qd or q„q—d)+ anything,

p +p~(q„q „or qdq —d)+anything,

(7.23)

(7.24)

(7.25)

(7.26)

(7.27)

(7.28)

for which the elementary cross sections are given by Eqs.
(7.13)—(7.18). Since it is nontrivial experimentally to dis-
tinguish q„jets, q'„jets, qd jets, and q d jets, we combine
all the above reactions and both chiralities for each initial
state. The resulting inclusive cross section for the pro-
duction of an up or down squark or antisquark with

~ y ~
& 1.5 in pp collisions is shown in Fig. 196. The larg-

Ma &s (TeV/'c*)

FICx. 195. Cross sectioris for the reaction pp —+g (q„or q~ or
q *„or q d) + anything as a function of the superparticle mass,
for collider energies V s =2, 10, 20, 40, and 100 TeV, according
to the parton distributions of Set 2. We have assumed equal
mass for the squarks and gluino, and have included the partners
of both left- and right-handed quarks. Both squark and gluino
are restricted to the rapidity interval

~ y; ~
& 1.5.
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FIG. 222. Cross sections for the reaction pp~ll + anything
as a function of the slepton mass, according to the parton distri-
butions of Set 2. Cuts and parameters are as in Fig. 221.

low from Set 1 are nearly identical. For the decay
l+—~l +—y, where the photino goes unobserved, the upper
limit on the mass of an observable slepton will be compar-
able to that inferred in Sec. V for sequential heavy lep-
tons.

D. Summary

If supersymmetry is to be relevant to the solution of the
hierarchy problem, and thus to the physics of the elec-
troweak scale, then the supersymmetric partners of the
known fundamental fields must have masses that are no
more than a few times the scale (GFv 2) 'j =247
GeV/c of electroweak symmetry breaking. It is impor-
tant that the supercollider permit a comprehensive search
for evidence of supersymmetric particles.
Our estimates show that the supersymmetric partners

of the quarks and gluons will be produced copiously, even
for masses in excess of 1 TeV/c2. Detection of squarks
and gluinos is a more difficult consideration. For some of
the most plausible gluino and squark decay modes there
can be substantial backgrounds from conventional physics
processes. A relatively large event sample will therefore
be required for discovery. A rough analysis suggests (Lit-
tenberg, 1984) that 10—10 gluinos or squarks would be
needed to establish a signal above these backgrounds.
Adopting 10 events produced in the rapidity interval—1.5(y &1.5 as a reasonable discovery criterion for
gluinos, we show in Fig. 223 the maximum gluino masses
accessible in pp colliders of varying c.m. energies and in-
tegrated luminosities. The discovery limits for squarks
deduced under the same assumptions, are shown in Fig.
224. In these two cases, we find no significant differences
between pp and pp collisions at the same energy and lumi-
nosity. New analysis techniques and more effective ex-

js (TeV)
FIG. 223. "Discovery limits" for gluinos in pp and pp col-
lisions. Contours show the largest mass for which 10 gluino
pairs are produced with

~ y; ~
& 1.5, for specified energy and in-

tegrated luminosity (in cm ). The parton distributions of Set 2
were used.

O
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FIG. 224. "Discovery limits" for squarks in pp and pp col-
lisions. Contours show the largest mass for which 104 squark
pairs are produced with

~ y; ~
& 1.5, for specified energy and in-

tegrated luminosity (in cm ). The parton distributions of Set 2
were used.

perimental cuts may reduce considerably the number of
events required to establish a signal.
The smaller production cross sections of the elec-

troweak gauge fermions are in general compensated for by
cleaner signatures. The associated production of a pho-
tino and a squark or gluino has the most characteristic
signature: a "one-sided" event. We estimate that fewer
than 100 such events would be required for discovery.
The rates for associated production of a zino or wino with
a squark or gluino are comparable to the photino produc-
tion rate, but detection is probably more challenging. The
signature consists of leptons and missing pz in one hemi-
sphere, with jets in the opposite hemisphere. %"e judge
that 1000 events of this kind should suffice for discovery.
Discovery limits for photinos, zinos, and winos are
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around 2022) and 3000 /fb (high luminosity LHC program, around 2030). The center-of-mass energy in this
case is 14 TeV. The SUSY cross sections will benefit from this improvement as shown on Fig.4. Fig.9 shows the
ATLAS expected exclusion limit in the gluino-squark masses plane, as well as the discovery reach for both targeted
integrated luminosities. The expected sensitivity area will be largely extended [14].

Figure 8: Electroweakino limits obtained in CMS us-
ing all 7 TeV and 8 TeV data [11].

Figure 9: Expected gluino mass limit using 300 /fb
and 3000 /fb at 14 TeV in ATLAS [14].

4 Other searches beyond the SM
The other searches for physics beyond the SM, also called Exotica program, are covering a wide range of analyses
looking for additional heavy gauge bosons (W’,Z’), extra-dimensions, compositeness, dark matter, also micro-
scopic black holes, or any other scenario outside the SM (hidden valleys, unparticles ...). The typical topologies
in Exotica imply some high tranverse momentum objects (electron, muon) at the TeV scale, high mass dilepton,
diphoton or dijet resonances, or multi-lepton anomalous production.

4.1 High transverse momentum leptons
Several analyses in Exotica are based on high transverse momentum lepton searches. For instance the heavy gauge
boson W’ mass is probed up to 3.3 TeV in CMS in the sequential SM, assuming the same branching ratio as in the
SM. Fig.10 shows the results combining both electron and muon channels [15].

The searches for excited electrons or muons are also using high transverse momentum leptons. These excited states
could be the consequence of fermion substructure (compositeness). The typical decays in this analysis would be a
lepton and a gauge boson or a lepton and a pair of fermions. The probe of the mass scale of excited leptons is up
to 2.2 TeV in ATLAS [16]. Fig.11 shows the searches in ATLAS using the 8 TeV data and the comparison with
previous results at 7 TeV in ATLAS and CMS.

4.2 High mass resonances
Fig.12 and Fig.13 show two high mass resonance distributions, respectively the di-electron and the dijet spectrum.
The sum of the SM backgrounds and the data are in good agreement, as shown also on the ratio plot below each
distribution. Then a limit can be derived for several Exotica models.

The di-lepton (electron or muon) resonances allow first of all to put a limit on the Z’ boson mass. The sequential
SM (same coupling to fermions as the Z boson) being used as benchmark, the lower mass limit obtained in ATLAS
is 2.9 TeV [17]. The extra-dimensions are probed by using the di-lepton and di-photon final states as shown on
Fig.14. Depending on the number of extra-dimensions, the mass scale has been probed up to 3 TeV for most of
the scenarios [18]. Fig.15 shows the different limits obtained from the dijet mass spectrum interpretation in the
following models: strings, excited quarks, axigluon/colorons, W’, Z’ and also Randall-Sundrum gravitons. The
lower mass limit reached in CMS is up to 5.1 TeV [19].

5

3 SUSY searches
Several arguments exist in favour of a supersymmetric (SUSY) extension of the SM. The hierarchy problem can be
solved without too much fine-tuning and then the SUSY theory demands relatively light stop quarks (below 1 TeV).
The implication of the discovery of the scalar boson at 126 GeV is that one stop quark can be light but the other stop
should be heavier; but this is not yet in contradiction with the previous argument. The gauge coupling unification
at the Grand Unified Theories (GUT) scale cannot occur in the SM, but it could occur in the SUSY extension for
certain set of parameters. If R-parity is conserved (�1(3(B�L)+2S)=+1/-1 respectively for SM/SUSY particles),
a natural dark matter candidate is provided being the neutralino1, as the Lightest Supersymmetric Particle (LSP)
will be stable. Finally a link to gravity is given in the SUSY theory, which is not the case in the SM.

3.1 SUSY processes
The different SUSY production processes can be sorted in several categories: gluino, squark and electroweakino
(ie. chargino/neutralino/slepton) productions. Fig.3 shows the different cases and the corresponding expected
cross sections [7]. These SUSY cross sections are lower by orders of magnitude than the SM processes. The SM
background determination will be achieved using both MC simulation as well as some data driven methods.

Figure 3: Predicted SUSY cross sections at 8 TeV [7]. Figure 4: Predicted SUSY cross sections at 14 TeV
[8].

3.2 Framework for interpretation
Several frameworks are commonly used to interpret the results of the SUSY searches. In order to reduce the
number of parameters in the Minimal Supersymmetric Standard Model (MSSM), which contains originally 105
parameters, some constraints are introduced. The mSUGRA model for instance is a 5 parameter model assuming
the unification of sfermion masses, gaugino masses and tri-linear couplings at the GUT scale. But there are also
other SUSY models, like GMSB (Gauge Mediated Symmetry Breaking) or pMSSM (phenomenological MSSM)
using different constraints. Another approach is to consider only the dominant SUSY cascades and to assume the
branching ratio to 100%. They are called Simplified Model Spectra (SMS). The topology is described by masses
and cross sections. It allows to perform wider searches than the constrained models.

3.3 Results and prospects in SMS
Assuming the R-parity to be conserved, Fig.5 shows the exclusion limit obtained using the gluino production and
combining several channels (from zero to three leptons) in the CMS experiment [9]. Fig.6 shows an example of
a schematic diagram of a dominant SUSY cascade (gluino production, the gluino decaying to a top pair and a
neutralino), without showing the intermediate particles. The gluino mass had been probed up to 1.3 TeV. The limit
is given at 95% confidence level (CL), using all 7 TeV and 8 TeV data.

3

1 fb

1 nb

1 pb
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– 5σ discovery/[95% cl limits] at future hadron colliders: 

– squarks and gluinos 

!
!
!
!
!
!
!
!
!
!
!
!

• Limits very dependent on LSP mass and decay modes.

3.9 Comparing Colliders

The multi-jet plus Emiss
T signature of the gluino-neutralino model with light flavor decays provides

a useful study with which to compare the potential impact of different proton colliders. Figure 8
shows the 5� discovery reach [95% CL exclusion] for two choices of integrated luminosity at 14
TeV, along with the full data set assumed for 33 and 100 TeV. At 14 TeV, the factor of 10 increase
in luminosity leads to a modest increase by 350 GeV in the gluino limits. The smallness of this
increase is due to the rapidly falling cross section. Furthermore, because the signal regions are not
background-free, the improvement in cross section-limit does not match the factor of 10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of five in the gluino
production cross-section. For lighter gluinos, there is no improvement to the range of accessible
neutralino masses. This is because the systematic uncertainty dominates in the signal regions for
these models except in the high gluino mass tail.

In contrast, increasing the center-of-mass energy has a tremendous impact on the experimentally
available parameter space, since now much heavier gluinos can be produced without relying on the
tails of parton distributions to supply the necessary energy. Figure 8 makes a compelling case for
investing in future proton colliders which can operate at these high energies.
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Figure 8: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the
5� discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic
uncertainty is assumed and pileup is not included.

Figure 9 provides a comparison of the optimal cut at the different colliders that results from
applying the analysis discussed in Sec. 3.2 as a function of gluino mass (assuming a 1 GeV
neutralino). It is interesting to note that the slope of the HT cut is larger than that for the Emiss

T

cut. The search is taking advantage of the tremendous energy that is imparted to jets when these
heavy gluinos decay. Furthermore, it is also interesting that the HT cuts track very closely between
machines (until mass of the gluino becomes so heavy that a given collider can no longer produce
them in appreciable quantities), while the Emiss

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and
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Simplified Model 14 TeV 300 fb�1
14 TeV 3000 fb�1

33 TeV 100 TeV
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⇥
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⇥
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Table 21: This table summarizes the expected discovery reach [95% CL limits] as computed using the search
strategies employed in this study.

There are many exciting opportunities for progress. This paper provides a concrete starting point
for understanding the new physics potential of experiments that would collide protons at energies
approaching the boundary of what humans can hope to achieve. By providing a quantitative analy-
sis of several SUSY Simplified Models, these results help define many challenges and opportunities
for future hadron colliders.
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Figure 1 – Summary of simplified model interpretations for ATLAS (left) and CMS (right) searches for pair
production of charginos and neutralinos, for di↵erent production and decay modes.

The search selects events with exactly three leptons, using e, µ, and up to two hadronically-
decaying ⌧ candidates (⌧h), and events are binned according to their lepton content, with further
selections applied to enhance sensitivity to each of the final states given above. For example,
signal regions with either one or two ⌧h candidates target the final state of W e�0

1H e�0
1 ! `⌫⌧⌧ +

Emiss
T by requiring the visible dilepton mass to be consistent with the Higgs boson mass. In total

the analysis defines 24 signal regions, with all mutually exclusive except the two bins requiring
two ⌧h candidates.

The primary SM backgrounds come from processes producing three or more prompt leptons,
plus reducible sources where at least one lepton is non-prompt or a misreconstructed jet. The
former is predicted from simulation and the latter from control regions in data. No significant
deviations from the SM predictions are observed. The results from interpreting this search in the
context of simplified models are shown in Fig. 1 (left) with the curves labeled “3l.” Assuming
a massless LSP, chargino-neutralino production is probed up to a common chargino-neutralino
mass of about 300–700 GeV, depending on the decay mode.

Similar searches have also been performed by CMS 4,5,6. The CMS searches do not consider
events with two ⌧h leptons, but Ref.4 in particular has a more inclusive selection with bins in e.g.
HT (the scalar sum of jet pT ) and the presence of absence of a b jet. No significant deviations
are seen in these searches. The results are combined with other search channels and appear in
Fig. 1 (right).

3 Search in the Two Lepton + Emiss
T Final State

ATLAS performed a search in the two lepton + Emiss
T final state 7 with sensitivity to processes

such as:

• e�+
1 e��

1 ! W+ e�0
1W

� e�0
1 ! `+⌫ e�0

1`
�⌫ e�0

1 or e�+
1 e��

1 ! è+⌫ è�⌫ ! `+⌫ e�0
1`

�⌫ e�0
1

• e�±
1 e�0

2 ! W e�0
1Z e�0

1 ! qq0 e�0
1`

+`� e�0
1

• è+ è� ! `+ e�0
1`

� e�0
1

Events with two opposite-sign leptons (e or µ) are selected and binned according to their lepton
content, including the presence or absence of a Z boson candidate based on invariant mass.
Seven signal regions are defined with additional kinematic selections to target the final states
above. In events with a Z boson candidate, the largest backgrounds come from Z+jets and tt̄,
while in events without a Z candidate, the largest backgrounds are from WW and tt̄. The main

[arXiv:1405.2993]
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– BSM 95% exclusion limits:              Snowmass Study [arXiv:1311.0299] 

!
!
!
!
!
!
!
!
!

– For comparison: a 6 TeV MC will be a factory for: 

– T quarks, squarks, stops, sleptons, ewkinos, and NLSP’s < 3 TeV  

– Compositeness scales > 300 TeV 

– For m(Z’) < 11 TeV discovered at a hadron collider,  the decay modes could be studied in 
detail at a MC. 

– A 3-6 TeV Muon Collider would be complimentary to a 100 TeV hadron collider and would 
have significant discovery potential of its own.

17

2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.
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o140,000 

Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.

Community Planning Study: Snowmass 2013
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%

C
o
m
m
u
n
i
t
y
P
l
a
n
n
i
n
g

S
t
u
d
y
:
S
n
o
w
m
a
s
s
2
0
1
3

14 Higgs working group report

Table 1-12. The numbers of predicted Higgs events produced in 3000 fb�1 at 14 TeV in di↵erent
production processes and decay modes for mH = 125 GeV. Experimental sensitivity to these production
modes and decays varies widely, see text. Here ` = e, µ.

ggF VBF VH tt̄H Total

Cross section (pb) 49.9 4.18 2.38 0.611 57.1

Numbers of events in 3000 fb�1

H ! �� 344,310 28,842 16,422 4,216 393,790

H ! ZZ⇤ ! 4` 17,847 1,495 851 219 20,412

H ! WW ⇤ ! `⌫`⌫ 1,501,647 125,789 71,622 18,387 1,717,445

H ! ⌧⌧ 9,461,040 792,528 451,248 115,846 10,820,662

H ! bb̄ 86,376,900 7,235,580 4,119,780 1,057,641 98,789,901

H ! µµ 32,934 2,759 1,570 403 37,667

H ! Z� ! ``� 15,090 1,264 720 185 17,258

H ! all 149,700,000 12,540,000 7,140,000 1,833,000 171,213,000

Table 1-13. Expected relative precisions on the signal strengths of di↵erent Higgs decay final states as
well as the 95% CL upper limit on the Higgs branching ratio to the invisible decay from the ZH search
estimated by ATLAS and CMS. The ranges are not comparable between ATLAS and CMS. For ATLAS,
they correspond to the cases with and without theoretical uncertainties while for CMS they represent two
scenarios of systematic uncertainties.

R
Ldt Higgs decay final state

(fb�1) �� WW ⇤ ZZ⇤ bb̄ ⌧⌧ µµ Z� BRinv

ATLAS

300 9� 14% 8� 13% 6� 12% N/A 16� 22% 38� 39% 145� 147% < 23� 32%

3000 4� 10% 5� 9% 4� 10% N/A 12� 19% 12� 15% 54� 57% < 8� 16%

CMS

300 6� 12% 6� 11% 7� 11% 11� 14% 8� 14% 40� 42% 62� 62% < 17� 28%

3000 4� 8% 4� 7% 4� 7% 5� 7% 5� 8% 14� 20% 20� 24% < 6� 17%

Community Planning Study: Snowmass 2013

P5: Science Questions and Science Drivers 

1. Use the Higgs boson as a new tool for discovery 

2. ….	



– LHC -> HL-LHC  (5%-10%) errors on 
couplings 

– Statistics dominate for lepton colliders    
ILC (500),  TLEP(350) ultimately 1%

S. Dawson et.al.  Snowmass 2013:  
Higgs working group report [arXiv:1310.8361]
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– A Role for a future Muon Collider Higgs Factory? 

– Only a muon collider can produce the Higgs boson as an s-channel resonance.  

– σ(e+e- -> Zh -> l+l- h) = 19.1 fb    (250 GeV)    versus                                                 
σ(µ+µ- -> h) = 26 pb   (for Δ=Γ and including ISR and a 15o forward cut)      

!
!
!
!
!

– Finding the Higgs requires ~ 250 pb-1 

– Assuming ∫ℒ dt = 1 fb     R = ΔE/E = 0.003% 

– Unique results:    

1. Higgs mass to 60 keV 

2. Direct measurement of Higgs width to 150 keV 

3. Measurement δ κµ = 1% using the known width                                                                                                   
and coupling to WW*    

�mµ

me

�2
= 4.28 � 10 4
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FIG. 2: Number of events of the Higgs signal plus backgrounds and statistical errors expected for cases A and B as a function
of the collider energy

p
s in bb̄ and WW ⇤ final states with a SM Higgs mh = 126 GeV and �h = 4.21 MeV.

�h = 4.21 MeV Lstep (fb�1) ��h (MeV) �B �mh (MeV)

0.005 0.73 6.5% 0.25

R = 0.01% 0.025 0.35 3.0% 0.12

0.2 0.17 1.1% 0.06

0.01 0.30 4.4% 0.12

R = 0.003% 0.05 0.15 2.0% 0.06

0.2 0.08 1.0% 0.03

TABLE II: Fitting accuracies for one standard deviation of �h, B, and mh of the SM Higgs with the scanning scheme as
specified in Eq. (3.3) for three representative luminosities per step. Results with the default luminosities for cases A and B
described in Eqs. (2.4) and (2.5) are in boldface.

larger than that of the SM value, �h = 42 MeV. We shall consider scenarios in which the signal at the LHC of this
particle (assuming a SM Higgs) would be unchanged.
In Fig. 4, we present the similar analyses as in Fig. 2 for a broader Higgs. There are two features of this figure

compared to the SM Higgs in Fig. 2. First, the increase of Higgs width requires a broader scan range to reconstruct
the Breit-Wigner resonant distribution. We choose to scan the same number of 20 scan steps with a step size of
10 MeV, while keeping the same total integrated luminosity. It is seen from the figure that the physical line shape
of the Higgs boson is essentially mapped out by the scanning. Second, since the signal rate at the LHC is governed
by partial widths to initial (i) and final (f) states / �i�f/�h, the rate could be kept the same when increasing the
Higgs total width by a factor  while scaling the partial widths up by a factor of

p
. This would correspondingly
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FIG. 3: Fitted values and errors for the SM Higgs width versus the luminosity per step with the scanning scheme as specified
in Eq. (3.3).
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TABLE II: Fitting accuracies for one standard deviation of �h, B, and mh of the SM Higgs with the scanning scheme as
specified in Eq. (3.3) for three representative luminosities per step. Results with the default luminosities for cases A and B
described in Eqs. (2.4) and (2.5) are in boldface.

larger than that of the SM value, �h = 42 MeV. We shall consider scenarios in which the signal at the LHC of this
particle (assuming a SM Higgs) would be unchanged.
In Fig. 4, we present the similar analyses as in Fig. 2 for a broader Higgs. There are two features of this figure

compared to the SM Higgs in Fig. 2. First, the increase of Higgs width requires a broader scan range to reconstruct
the Breit-Wigner resonant distribution. We choose to scan the same number of 20 scan steps with a step size of
10 MeV, while keeping the same total integrated luminosity. It is seen from the figure that the physical line shape
of the Higgs boson is essentially mapped out by the scanning. Second, since the signal rate at the LHC is governed
by partial widths to initial (i) and final (f) states / �i�f/�h, the rate could be kept the same when increasing the
Higgs total width by a factor  while scaling the partial widths up by a factor of
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particle (assuming a SM Higgs) would be unchanged.
In Fig. 4, we present the similar analyses as in Fig. 2 for a broader Higgs. There are two features of this figure

compared to the SM Higgs in Fig. 2. First, the increase of Higgs width requires a broader scan range to reconstruct
the Breit-Wigner resonant distribution. We choose to scan the same number of 20 scan steps with a step size of
10 MeV, while keeping the same total integrated luminosity. It is seen from the figure that the physical line shape
of the Higgs boson is essentially mapped out by the scanning. Second, since the signal rate at the LHC is governed
by partial widths to initial (i) and final (f) states / �i�f/�h, the rate could be kept the same when increasing the
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T. Han and Z. Liu [arXiv:1210.7803] 
also see Zhen Liu’s talk on Friday
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– Higgs Self-Coupling (𝞴): 

– SM:  mH2 = (8𝞴/g2) mW2 + loop corrs. 

– LHC; HL-LHC; VLHC:   50%; 20%; 8% (stat only) 

– ILC (500); ILC (1000); CLIC (3000):  83%; 21%; 16% 

!
– Measurement improves with energy at a lepton collider 

– Muon Collider (6 TeV):  8%

28 Higgs working group report

Table 1-22. Signal significance for pp ! HH ! bb�� and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHCp
s (TeV) 14 33 100

R Ldt (fb�1) 3000 3000 3000

� · BR(pp ! HH ! bb��) (fb) 0.089 0.545 3.73

S/
p
B 2.3 6.2 15.0

� (stat) 50% 20% 8%

Note that this extraction of the Higgs self-coupling assumes that the e↵ective ggH coupling and the Higgs
branching ratios to the final states used in the analysis are equal to their SM values.

1.3.5 Higher-energy hadron colliders

The cross section for gg ! HH increases with increasing hadron collider energy due to the increase in the
gluon partonic luminosity. Even though backgrounds increase with energy at a similar rate, a higher-energy
pp collider such as the HE-LHC (33 TeV) or VLHC (100 TeV) would improve this measurement.

Results of a fast-simulation study of double Higgs production in the bb�� final state for pp collisions at 14,
33, and 100 TeV [102] are shown in Table 1-22 (14 TeV results are consistent with the European strategy
study). bb�� is the most important channel at 14 TeV because of large top-pair backgrounds to the bb⌧⌧ and
bbWW channels. The simulation used Delphes with ATLAS responses [103] and assumes one detector. The
resulting uncertainty on ��/� is extracted using the scaling of the double-Higgs cross section with � [90].

1.3.6 Higgs boson self-coupling at e+e� Linear Colliders

At an e+e� linear collider, the Higgs trilinear self-coupling can be measured via the e+e� ! ZHH and
e+e� ! ⌫e⌫̄eHH processes. The cross section for the former peaks at approximately 0.18 fb close top
s = 500 GeV; however, for this channel there are many diagrams leading to the Zhh final state that

don’t involve the Higgs boson self-coupling resulting in a dilution of ��/� ' 1.8 ⇥ (��ZHH/�ZHH). This
situation improves for the W -fusion process ⌫e⌫̄eHH where ��/� ' 0.85 ⇥ (��⌫⌫̄HH/�⌫⌫̄HH) at 1 TeV,
but requires

p
s � 1.0 TeV for useful rates. Polarized beams can significantly increase the signal event rate,

particularly for the W -fusion process. None of the proposed e+e� circular machines provide high enough
collision energies for su�cient rates.

The most recent full simulation study [6,104] of these two production processes including all Z decay modes
as well as HH ! bbbb and HH ! bbWW ⇤ final states has been carried out using the ILD detector at
the ILC where event weighting depending on MHH is used to enhance the contribution of the self-coupling
diagram and improve on the dilutions above. Results are given in in Table 1-23.

The cross section for ⌫e⌫̄eHH continues to grow with
p
s, and full simulation studies [3] for CLIC show

increased sensitivity at higher collision energies of
p
s = 1.4 TeV and

p
s = 3.0 TeV as shown in Table 1-23.

Community Planning Study: Snowmass 2013

Figure 3: Estimated number of double-Higgs events after five Snowmass years, or
5⇥ 107s.

6

Figure 5: E↵ective cross sections of hh ! bb̄bb̄ signal events where we require that
all four b’s can theoretically be tagged. This is calculated as �(µ+µ� ! ⌫µ⌫̄µhh) ⇥
Br(h ! bb̄)

2 ⇥ ✏acc where ✏acc is the acceptance e�ciency for four-b signal events.
The acceptance rate is calculated by counting events with four ‘taggable’ b’s. A b is
‘taggable’ if it has a displaced vertex outside the cone and produces least two charged
particle tracks with significant three-dimensional impact parameters.

9
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– ILC (500); ILC (1000); CLIC (3000):  83%; 21%; 16% 

!
– Measurement improves with energy at a lepton collider 

– Muon Collider (6 TeV):  8%

28 Higgs working group report

Table 1-22. Signal significance for pp ! HH ! bb�� and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHCp
s (TeV) 14 33 100

R Ldt (fb�1) 3000 3000 3000

� · BR(pp ! HH ! bb��) (fb) 0.089 0.545 3.73

S/
p
B 2.3 6.2 15.0

� (stat) 50% 20% 8%

Note that this extraction of the Higgs self-coupling assumes that the e↵ective ggH coupling and the Higgs
branching ratios to the final states used in the analysis are equal to their SM values.

1.3.5 Higher-energy hadron colliders

The cross section for gg ! HH increases with increasing hadron collider energy due to the increase in the
gluon partonic luminosity. Even though backgrounds increase with energy at a similar rate, a higher-energy
pp collider such as the HE-LHC (33 TeV) or VLHC (100 TeV) would improve this measurement.

Results of a fast-simulation study of double Higgs production in the bb�� final state for pp collisions at 14,
33, and 100 TeV [102] are shown in Table 1-22 (14 TeV results are consistent with the European strategy
study). bb�� is the most important channel at 14 TeV because of large top-pair backgrounds to the bb⌧⌧ and
bbWW channels. The simulation used Delphes with ATLAS responses [103] and assumes one detector. The
resulting uncertainty on ��/� is extracted using the scaling of the double-Higgs cross section with � [90].

1.3.6 Higgs boson self-coupling at e+e� Linear Colliders

At an e+e� linear collider, the Higgs trilinear self-coupling can be measured via the e+e� ! ZHH and
e+e� ! ⌫e⌫̄eHH processes. The cross section for the former peaks at approximately 0.18 fb close top
s = 500 GeV; however, for this channel there are many diagrams leading to the Zhh final state that

don’t involve the Higgs boson self-coupling resulting in a dilution of ��/� ' 1.8 ⇥ (��ZHH/�ZHH). This
situation improves for the W -fusion process ⌫e⌫̄eHH where ��/� ' 0.85 ⇥ (��⌫⌫̄HH/�⌫⌫̄HH) at 1 TeV,
but requires

p
s � 1.0 TeV for useful rates. Polarized beams can significantly increase the signal event rate,

particularly for the W -fusion process. None of the proposed e+e� circular machines provide high enough
collision energies for su�cient rates.

The most recent full simulation study [6,104] of these two production processes including all Z decay modes
as well as HH ! bbbb and HH ! bbWW ⇤ final states has been carried out using the ILD detector at
the ILC where event weighting depending on MHH is used to enhance the contribution of the self-coupling
diagram and improve on the dilutions above. Results are given in in Table 1-23.

The cross section for ⌫e⌫̄eHH continues to grow with
p
s, and full simulation studies [3] for CLIC show

increased sensitivity at higher collision energies of
p
s = 1.4 TeV and

p
s = 3.0 TeV as shown in Table 1-23.
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Table 1-23. Estimated experimental percentage uncertainties on the double Higgs production cross
sections and Higgs self-coupling parameter � from e+e� linear colliders. The expected precision on �
assumes that the contributions to the production cross section from other diagrams take their Standard
Model values. ILC numbers include bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of
(�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at 1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not
including any 1000 GeV running. ILC1000-up is the luminosity upgrade including running at both 500
and 1000 GeV. CLIC numbers include only the bbbb final state. The two numbers for each CLIC energy
are without/with 80% electron beam polarization. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to CLIC numbers without
accounting for the additional running period.

ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
p
s (GeV) 500 500 500/1000 500/1000 1400 3000R

Ldt (fb�1) 500 1600‡ 500+1000 1600+2500‡ 1500 +2000

P (e�, e+) (�0.8, 0.3) (�0.8, 0.3) (�0.8, 0.3/0.2) (�0.8, 0.3/0.2) (0, 0)/(�0.8, 0) (0, 0)/(�0.8, 0)

� (ZHH) 42.7% 42.7% 23.7% – –

� (⌫⌫̄HH) – – 26.3% 16.7%

� 83% 46% 21% 13% 28/21% 16/10%

1.3.7 Photon collider

Higgs pairs can be produced at a photon collider via o↵-shell s-channel Higgs production, �� ! H⇤ ! HH.
The process was studied in Ref. [105] for an ILC-based photon collider running for 5 years, leading to 80
raw �� ! HH events. Jet clustering presents a major challenge for signal survival leading to a sensitivity
of only about 1�.

1.3.8 Muon collider

Double Higgs production at a muon collider can proceed via s-channel o↵-shell Higgs production, µ+µ� !
H⇤ ! HH. However, the cross section for this non-resonant process is very small, of order 1.5 ab at the
optimum energy of ⇠ 275 GeV, providing less than one signal event in 500 fb�1 before branching ratios and
selection e�ciencies are folded in.

1.3.9 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-24.

These same numbers are used to estimate precisions possible from a combination of facilities as shown in
Table 1-25. As can be seen, the precision is usually dominated by the precision achieved by one of the collider
options in the combination.

Community Planning Study: Snowmass 2013

Figure 3: Estimated number of double-Higgs events after five Snowmass years, or
5⇥ 107s.

6

Figure 5: E↵ective cross sections of hh ! bb̄bb̄ signal events where we require that
all four b’s can theoretically be tagged. This is calculated as �(µ+µ� ! ⌫µ⌫̄µhh) ⇥
Br(h ! bb̄)

2 ⇥ ✏acc where ✏acc is the acceptance e�ciency for four-b signal events.
The acceptance rate is calculated by counting events with four ‘taggable’ b’s. A b is
‘taggable’ if it has a displaced vertex outside the cone and produces least two charged
particle tracks with significant three-dimensional impact parameters.
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– Given evidence of non-standard Higgs Couplings, what is the BSM origin ? 

!
!

!
!
!

– Higgs inverse problem 

!
– Many models might lead to similar deviations. 

– Generic dependence: (v/Mbsm)2   [decoupling MSSM 𝛞v ~ (v/Mbsm)4] 

– ILC (500)  𝛞v = 1.0%:  𝛞b = 1.7%  𝛞γ = 8.7% 

– Scales probed:  0.3 TeV < Mbsm < 3TeV   

– Would need a lepton collider with 6 TeV to directly observe the 
physics  suggested by these deviations and disentangle the 
possibilities.

1.2 Coupling Measurements 9

fermions, such as top partners, and colored scalars can contribute to H ! gg and H ! ��, while electrically
charged scalars and heavy leptons can contribute to H ! ��. Below we examine some representative models,
in order to get a feel for the size of the possible e↵ects.

In Little Higgs models with T parity, the couplings scale with the top partner mass, MT , and assuming the
Higgs couplings to Standard Model particles are not changed, the loop induced couplings are [32],

�g ' � m2
t

M2
T

⇠ O(�8%)

✓
600 GeV

MT

◆2

, �� ' �0.28�g ⇠ O(+2%)

✓
600 GeV

MT

◆2

. (1.7)

In this scenario the production rate from gluon fusion is suppressed, while the width into �� in increased.
Adding a vector-like SU(2) doublet of heavy leptons does not change the gg ! H production rate, but can
give an enhancement in � of order ⇠ 20%, although large Yukawa couplings are required [33].

Colored scalars, such as the stop particle in the MSSM, also contribute to both g and � . If we consider
two charge- 23 scalars as in the MSSM, then for a stop squark much heavier than the Higgs boson [32],

�g ' 1

4

✓
m2

t

m2
t̃1

+
m2

t

m2
t̃2

� m2
tX

2
t

mt̃1
mt̃2

◆
⇠ O(+17%)

✓
300 GeV

mt̃

◆2

(for Xt = 0), (1.8)

where again �� ' �0.28�g. Here Xt =| At �µ cot� | is the stop mixing parameter. If Xt = 0, the Higgs
couplings to gluons is always increased and the coupling to photons decreased. If the stops are light, and
the mixing is small, large enhancements are possible. In the MSSM, there are other loop contributions to
the H�� and Hgg couplings which have been extensively studied. Enhancements in the H ! �� coupling
can be obtained with light staus and large mixing, with e↵ects on the order of ⇠ 25% [34].

In Table 1-8, we summarize the generic size of coupling modifications when the scale of new physics is
consistently taken to be M ⇠ 1 TeV.

Table 1-8. Generic size of Higgs coupling modifications from the Standard Model values when all new
particles are M ⇠ 1 TeV and mixing angles satisfy precision electroweak fits. The Decoupling MSSM
numbers assume tan� = 3.2 and a stop mass of 1 TeV with Xt = 0 for the � prediction.

Model V b �

Singlet Mixing ⇠ 6% ⇠ 6% ⇠ 6%

2HDM ⇠ 1% ⇠ 10% ⇠ 1%

Decoupling MSSM ⇠ �0.0013% ⇠ 1.6% ⇠ �.4%

Composite ⇠ �3% ⇠ �(3� 9)% ⇠ �9%

Top Partner ⇠ �2% ⇠ �2% ⇠ +1%

1.2.3 Theory Uncertainties on LHC Higgs Production

The uncertainty on Higgs production has been studied by the LHC Higgs cross section working group for the
various channels and is summarized in Table 1-9 [35]. These uncertainties must be included in extractions of
the scale factors i from LHC data. The error includes factorization/renormalization scale uncertainty and
the correlated uncertainty from ↵s and the PDF choice, which are added linearly. The scale uncertainty on
the gluon fusion rate is ⇠ ±10%, which can potentially be significantly reduced with the inclusion of recent
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– Two Higgs Doublet Models (eg. Type II) 
!
!
!

– Five scalar particles: h0, H0, A0, H±    



– Decay amplitudes depend on two parameters: (α, β)  



– decoupling limit  mA0  >> mZ0   cos(β-α) -> 0: 



» h0 couplings close to SM values 

» H0, H± and A0 nearly degenerate in mass 

» H0  small couplings to  VV,  large couplings to ZA0 

» For large tanβ, H0 and A0 couplings to charged leptons and bottom quarks               
enhanced by tanβ. Couplings to top quarks suppressed by  1/tanβ factor.  

2 The Two-Higgs-Doublet Model of Type II

In this paper we consider the CP -conserving two-Higgs-doublet-model of type II with a

softly broken Z2 symmetry. For details about this model we refer to [49], whose notations

we adopt here. The Higgs potential is given by

V = m2
11�

†
1�1 +m2

22�
†
2�2 �m2

12(�
†
1�2 + �†

2�1) +
1
2�1(�

†
1�1)

2 + 1
2�2(�

†
2�2)

2

+ �3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1) +

1
2�5[(�

†
1�2)

2 + (�†
2�1)

2] . (2.1)

The physical scalar spectrum of this model consists of two CP -even neutral scalars h and

H, a CP -odd neutral scalar A and a charged scalar H±. The masses of these states are

denoted as m� with � 2 h,H,A,H±. Throughout this paper we assume that the light

CP even scalar h is the observed Higgs resonance and keep mh = 126GeV fixed. For the

remaining independent real parameters of the model we choose

tan� = v2/v1 , � � ↵ , m2
12 , mH , mA , mH± , (2.2)

where v1/
p
2 and v2/

p
2 denote the vacuum expectation values of the neutral components

of �1 and �2, respectively, and ↵ denotes the mixing angle of the two CP -even neutral

Higgs bosons. In this parametrisation the tree-level couplings of the Higgs bosons to SM

vector bosons and fermions only depend on tan� and � � ↵. The couplings of the light

CP -even Higgs boson h are SM-like for � � ↵ = ⇡/2. We call this the alignment limit.

To express the quartic couplings �i in terms of the physical parameters (2.2) we use the

tree-level relation

v21 + v22 = v2 =
M2

W

⇡↵em

✓
1� M2

W

M2
Z

◆
(2.3)

with MZ = 91.1878GeV, MW = 80.3693GeV and ↵em ⌘ ↵em(MZ) = 1/128.9529 [50].

To compare the di↵erent triple Higgs couplings in the 2HDM with the SM triple Higgs

coupling we define the ratios

c�1�2�3 =
g2HDM
�1�2�3

gSMhhh
, (2.4)

where �1,�2,�3 2 {h,H,A,H±}, g2HDM
�1�2�3

denotes the corresponding 2HDM triple Higgs

coupling and gSMhhh denotes the SM triple Higgs coupling with a fixed SM Higgs mass of
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resulting spectrum of physical Higgs fields includes three neutral Higgs bosons, the

CP-even h0 and H0 and the CP-odd A0. At tree-level the entire Higgs sector is

completely determined by choosing values for the parameters tanβ = v2/v1 (where

v2 and v1 are the vacuum expectation values of the neutral members of the Higgs

doublets responsible for up-type and down-type fermion masses, respectively) and

mA0 (the mass of the CP-odd A0). For a summary, see Refs. [1,2].

In the MSSM there is a theoretical upper bound on the mass of the lightest

state h0 [3,4] which is approached at large mA0 and large tanβ. After including

two-loop/RGE-improved radiative corrections [5,6] the bound depends upon the top

quark (t) and top squark (t̃) masses and upon parameters associated with squark

mixing. Assuming mt = 175 GeV and mt̃
<∼ 1 TeV, the maximal mass is

mmax
h0 ∼ 113 to 130 GeV , (1)

depending upon the amount of squark mixing. The 113 GeV value is obtained in

the absence of squark mixing. Figure 1 illustrates the mass of the h0 versus the

parameter tan β for mA0 = 100, 200 and 1000 GeV. Mass contours for the MSSM

Higgs bosons are illustrated in Fig. 2 in the conventional mA0 , tanβ parameter plane.

Both these figures include two-loop/RGE-improved radiative corrections to the Higgs

masses computed for mt = 175 GeV, mt̃ = 1 TeV and neglecting squark mixing.

The Higgs sector of the MSSM can be extended to include extra singlet fields

without affecting any of its attractive features. A general supersymmetric model

bound of

mh0
<∼ 130 ∼ 150 GeV (2)

applies for such non-minimal extensions of the MSSM, assuming a perturbative renor-

malization group (RGE) evolved grand unified theory (GUT) framework.

The couplings of the MSSM Higgs bosons to fermions and vector bosons are

generally proportional to the couplings of the SM Higgs boson, with the constant

of proportionality being determined by the angle β (from tan β) and the mixing angle

α between the neutral Higgs states (α is determined by mA0 , tan β, mt, mt̃, and the

amount of stop mixing). Those couplings of interest in this report are [7]

µ+µ−, bb tt ZZ, W+W− ZA0

h0 − sin α/ cosβ cos α/ sin β sin(β − α) cos(β − α)

H0 cos α/ cos β sin α/ sinβ cos(β − α) − sin(β − α)

A0 −iγ5 tan β −iγ5/ tanβ 0 0

(3)

2

where zab is the one-loop correction to Zab, and we used that the hermitian matrix Zab

is also symmetric due to CP-conservation. The diagonal coefficients z11, z22 can be
set to zero, since they are ordinary one-loop corrections to a non-vanishing tree term.
The interesting terms are those that mix Hd with the complex conjugate of Hu. The
arbitrary quantity a parameterizes a real field rotation in (Φ1,Φ2) space, which preserves
the diagonal form of the kinetic term. We could set a = 0, but prefer to keep it to
demonstrate explicitly the independence of physical quantities on a below. Note that we
do not rotate the fields and then shift them by the vevs, since the vevs (and tanβ) have
been defined as parameters of the MSSM Lagrangian before matching to the 2HDM.

After substituting (36) into (9), we perform a unitary (in fact orthogonal, on account
of CP-conservation) field rotation to diagonalize the Higgs mass matrix. The transfor-
mation to the physical Higgs fields h0, H0, A0, H±, including the pseudo-Goldstone fields
G0, G±, is

⎛

⎝ Im H0
u

Im H0
d

⎞

⎠ =
1√
2

⎛

⎝ sβ + δsβ cβ + δcβ

−[cβ + δcβ] sβ + δsβ

⎞

⎠

⎛

⎝ G0

A0

⎞

⎠ ,

⎛

⎝ H+
u

H−∗
d

⎞

⎠ =

⎛

⎝ sβ + δsβ cβ + δcβ

−[cβ + δcβ] sβ + δsβ

⎞

⎠

⎛

⎝ G+

H+

⎞

⎠ ,

⎛

⎝ Re H0
u

Re H0
d

⎞

⎠ =
1√
2

⎛

⎝ cα + δcα sα + δsα

−[sα + δsα] cα + δcα

⎞

⎠

⎛

⎝ h0

H0

⎞

⎠ , (37)

where δsβ, δcβ, δsα, δcα parameterize the correction to the corresponding MSSM tree-
level rotation, and we use the conventional notation sφ ≡ sin φ, cφ ≡ cos φ. We already
incorporated here that the correction δcβ to the tree-level mixing matrix turns out to be
the same for the CP-odd and the charged Higgs fields. The mixing angle α is given by

tan 2α =
M2

A + M2
Z

M2
A − M2

Z

tan 2β. (38)

The correction terms δsβ, δcβ are of the size of an ordinary loop correction, and hence
relevant only if the corresponding tree contribution is suppressed. This is the case for the
off-diagonal elements, since cβ ∝ 1/ tanβ. We therefore neglect the δsβ terms relative
to sβ ≈ 1. For the off-diagonal correction we obtain

δcβ = −
1 + a

2
z12 +

δb + ∆b + δλ7v2

M2
A

. (39)

The second term vanishes in “good” renormalization schemes.
In determining the correction to α, the cases MA > MZ and MZ > MA should be

distinguished. In the following we discuss explicitly only the case MA > MZ . The other
case follows roughly (that is, up to some signs) from interchanging h0 and H0. For large
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logarithmically with the SUSY scale or common squark mass MS ; the mixing (or trilinear
coupling) in the stop sector At plays an important role. For instance, the upper bound on the
mass of the lightest Higgs boson h is shifted from the tree level value MZ to Mh ∼ 130–140
GeV in the maximal mixing scenario where Xt = At −µ/ tan β ∼ 2MS with MS = O(1 TeV)
[41]; see the left–handed side of Fig. 2.2. The masses of the heavy neutral and charged Higgs
particles are expected to range from MZ to the SUSY breaking scale MS .

FIGURE 2.2. The masses (left) and the couplings to gauge bosons (right) of the MSSM Higgs bosons as
a function of MA for tan β = 3, 30 with MS = 2 TeV and Xt =

√
6MS.

The pseudoscalar Higgs boson A has no tree level couplings to gauge bosons, and its
couplings to down (up) type fermions are (inversely) proportional to tan β. This is also the
case for the couplings of the charged Higgs boson to fermions, which are admixtures of scalar
and pseudoscalar currents and depend only on tan β. For the CP–even Higgs bosons h and
H, the couplings to down (up) type fermions are enhanced (suppressed) compared to the SM
Higgs couplings for tan β > 1. They share the SM Higgs couplings to vector bosons as they
are suppressed by sin and cos(β − α) factors, respectively for h and H; see the right–hand
side of Fig. 2.2 where the couplings to the W±, Z bosons are displayed.

If the pseudoscalar mass is large, the h boson mass reaches its upper limit [which, de-
pending on the value of tan β and stop mixing, is in the range 100–140 GeV] and its couplings
to fermions and gauge bosons are SM–like; the heavier CP–even H and charged H± bosons
become degenerate with the pseudoscalar A boson and have couplings to fermions and gauge
bosons of the same intensity. In this decoupling limit, which can be already reached for
pseudoscalar masses MA >∼ 300 GeV, it is very difficult to distinguish the Higgs sectors of the
SM and MSSM if only the lighter h particle has been observed.

Finally, we note that there are experimental constraints on the MSSM Higgs masses,
which mainly come from the negative LEP2 searches [42]. In the decoupling limit where the
h boson is SM–like, the limit Mh >∼ 114 GeV from the Higgs–strahlung process holds; this
constraint rules out tan β values smaller than tan β ∼ 3. Combining all processes, one obtains
the absolute mass limits Mh ∼ MA >∼ MZ and MH± >∼ MW [42].
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- The LHC has difficulty observing the H, A especially for masses > 500 GeV.  
Even at √s = 14 TeV and 300 fb-1.
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1.6.3 Projections for e+e� machines

At an e+e� collider, the cross section for e+e� ! Z⇤ ! H0Z is suppressed by cos2(� �↵) compared to the
cross section for a SM Higgs with the same mass as H0. In the decoupling limit, the associated production
cross section for e+e� ! Z⇤ ! H0A0, which is proportional to sin2(� � ↵), is maximal, but requires
associated production of two heavy particles, limiting the kinematic reach to half the collider center-of-mass
energy (similarly for e+e� ! H+H�). Charged Higgs pair production, e+e� ! H+H�, is a pure gauge
process and hence also unsuppressed. With su�cient luminosity, the discovery reach for these states at an
e+e� collider is thus close to the kinematic limit:

MH+ <
p
s/2, MH0 +MA0 <

p
s. (1.21)

Since the mass splitting between H0 and A0 is typically small in the decoupling region, the reach for either
of them is roughly

p
s/2 [159], as shown in Fig. 1-6.

ILC1000 

CLIC1400 

Figure 1-6. MSSM Higgs sector search reach in the mA–tan� plane for e+e� colliders compared to the
expected LHC 7+8 TeV upper limits (95% C.L.).

1.6.4 Resonant production at a muon collider

The neutral heavy Higgs bosonsH0 and A0 can be produced as s-channel resonances in µ+µ� or �� collisions.
They can also be pair produced via electroweak processes as at e+e� machines.

If the heavy Higgs bosons H0 and A0 are not very light, resonant production at a muon collider may be
the best opportunity to study their properties in detail. This was studied in Ref. [160] for the “Natural
Supersymmetry” benchmark point of Ref. [161], which has MA0 ' MH0 ' 1.55 TeV and tan� = 23. The
mass di↵erence between A0 and H0 is about 10 GeV and their decay widths are around 20 GeV.

The parton-level analysis [160] was based on a center-of-mass energy scan over a 200 GeV range centered at
1550 GeV in 100 steps, collecting a total of 500 fb�1. Signal and background cross sections in the bb̄ and ⌧⌧

Community Planning Study: Snowmass 2013
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– Loophole - Alignment without decoupling.   

– The lightest CP-even Higgs mimics the SM higgs. 

!
!

– cos(β - α) = 0 —>  h has SM couplings:  1/mA -> 0 usual decoupling. 

– RHS = 0 —> alignment:  independent of mA but requires a specific value  
of tan β 

– In lowest order H/A, H±  states do not couple to W and Z’s. 

– Only the lightest CP even neutral higgs contributes to the EW symmetry 
breaking.   

– However these states do have Yukawa couplings to fermions. 

– Signals at LHC are different from the usual decoupling THDM signals 

!
– The muon collider can observe these states as s-channel resonances.             

(if the branching ratio to µ+µ- is not much smaller than for the SM higgs)

J. Gunion and H. Haber [arXiv:hep-ph/0207010], … 

M. Carena,  I. Low, N. R. Shah and C. Wagner [arXiv:1310.2244]

where s↵� ⌘ (�s↵/c�) and c↵� ⌘ (c↵/s�) tend to 1 in the alignment limit. We shall

demonstrate in the next section that the alignment conditions in general 2HDMs imply that

the Hhh coupling vanishes.

III. ALIGNMENT WITHOUT DECOUPLING

A. Derivation of the Conditions for Alignment

One of the main results of this work is to find the generic conditions for obtaining align-

ment without decoupling. The decoupling limit, where the low-energy spectrum contains

only the SM and no new light scalars, is only a subset of the more general alignment limit

in Eq. (28). In particular, quite generically, there exist regions of parameter space where

one attains the alignment limit with new light scalars not far above mh = 125 GeV.

It is instructive to first derive the alignment limit in the usual decoupling regime but in

a slightly di↵erent manner. Consider the eigenvalue equation of the CP-even Higgs mass

matrix, Eq. (18), which, using Eq. (9), becomes

0

@

s2� �s�c�

�s�c� c2�

1

A

0

@

�s↵

c↵

1

A = � v2

m2
A

0

@

L11 L12

L12 L22

1

A

0

@

�s↵

c↵

1

A+
m2

h

m2
A

0

@

�s↵

c↵

1

A . (38)

Decoupling is defined by taking all non-SM-like scalar masses to be much heavier than the

SM-like Higgs mass, m2
A � v2,m2

h. Then we see that at leading order in v2/m2
A and m2

h/m
2
A,

the right-hand side of Eq. (38) can be ignored, and the eigenvalue equation reduces to

0

@

s2� �s�c�

�s�c� c2�

1

A

0

@

�s↵

c↵

1

A ⇡ 0 , (39)

leading to the well-known decoupling limit [8]: c��↵ = 0. This is also exactly the alignment

limit.

Here we make the key observation that while decoupling achieves alignment by neglecting

the right-hand side of Eq. (38), alignment can also be obtained if the right-hand side of

Eq. (38) vanishes identically, independent of mA:

v2

0

@

L11 L12

L12 L22

1

A

0

@

�s↵

c↵

1

A = m2
h

0

@

�s↵

c↵

1

A . (40)

10

 Mass and eigenvector eq. for h in THDM  
     α - mixing angle;  tan β = v2/v1   
  L11 = 𝛌1 cβ2 + 𝛌5 sβ2;   L2 = 𝛌2 sβ2 + 𝛌5 cβ2; 
             L12 = (𝛌3+𝛌4)sΒcΒ
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– Early studies have shown the power of a Muon Collider to separate these states.



– Good energy resolution is needed for H0 and A0 studies:

25
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Figure 14: MSSM cross section µ−µ+ → bb̄ near the H and A resonances for MA =
400 GeV and tanβ = 5 (left) and some contributions to the photonic corrections (right)
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Figure 15: MSSM cross section µ−µ+ → tt̄ near the H and A resonances for MA =
400 GeV and tanβ = 5 (left) and some contributions to the photonic corrections (right)
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Dittmaier and Kaiser  
[hep-ph/0203120]
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– However generally expect heavy: H±, H0 and A0 

– LHC limits on H± :  ~ 350   (ATLAS) (CMS) 

– SUSY models that evade the all present experimental constraints  
often have very heavy THDM scalars 

– The H/A are observable as s-channel resonances at a MC!

26
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FIG. 1. Top panel: comparison of resonant H/A produc-
tion in several benchmark supersymmetry scenarios [35] with
Z0h and �⇤/Z0 production. The models are: HS = Hid-
den Supersymmetry, NS = Natural Supersymmetry, NUGM
= non-universal Higgs mass, and TDR4 = light-slepton, stau
NLSP model. For the complete spectra in these scenarios,
see Ref [35]. Bottom: Comparison of H/A production in the
Natural Supersymmetry model with Z0h, Z0H and heavy
Higgs pair production. In both plots H/A production is the
sum of µ+µ� ! H and µ+µ� ! A as the states are nearly
degenerate.

fit provides an excellent description of the total cross sec-
tion and allows an accurate determination of the individ-
ual masses, widths and Bbb̄ branching ratios of the A and
H.

VI. H/A FACTORY

In the previous section, we investigated the principal
decay mode of the H/A resonances, the bb̄ channel. We
have determined the masses, total widths and branching
ratio Br(µ+µ�)⇥Br(bb̄) for both the H and A. Now we
consider other decay modes.

TABLE I. Properties of the H and A states in the Natural
Supersymmetry benchmark model [35]. In addition to masses
and total widths, the branching ratios for various decay modes
are shown.

H A

Mass 1.560TeV 1.550TeV

Width 19.5GeV 19.2GeV

(Decay) Br (Decay) Br

(bb̄) 0.64 (bb̄) 0.65

(⌧+⌧�) 8.3⇥ 10�2 (⌧+⌧�) 8.3⇥ 10�3

(ss̄) 3.9⇥ 10�4 (ss̄) 4.0⇥ 10�3

(µ+µ�) 2.9⇥ 10�4 (µ+µ�) 2.9⇥ 10�4

(tt̄) 6.6⇥ 10�3 (tt̄) 7.2⇥ 10�3

(gg) 1.4⇥ 10�5 (gg) 6.1⇥ 10�5

(��) 1.1⇥ 10�7 (��) 3.8⇥ 10�9

(Z0Z0) 2.6⇥ 10�5 (Z0�) 4.3⇥ 10�8

(h0h0) 4.4⇥ 10�5
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1 �
⌥
2 ) 6.0⇥ 10�2

TABLE II. Fit of the H/A region to background plus Breit-
WIgner resonances. Both a single and two resonance fits
are shown. General form of the background fit is �B(

p
s) =

c1(1.555)
2/s( in TeV2). The values of the best fit for one or

two Breit-Wigner resonances are given.

One Resonance

Mass(GeV) �(GeV) �peak (pb)

1555± 0.1GeV 24.2± 0.2 1.107± 0.0076

�2/ndf = 363/96 c1 = 0.0354± 0.0006

Two Resonances

Mass(GeV) �(GeV) �peak (pb)

1550± 0.5GeV 19.3± 0.7 0.6274± 0.0574
1560± 0.5GeV 20.0± 0.7 0.6498± 0.0568

�2/ndf = 90.1/93 c1 = 0.040± 0.0006

A. The ⌧+⌧� decays

The ⌧ pair branching fractions are typically large
(⇠10%) and so we have high statistics for this mode as
well. The signal cross section to the final state ⌧+⌧� is
shown in Fig. 2. The signal to background ratio is S/B ⇠=

4

Higgs Studies and More Scalars
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Higgs Studies and More Scalars

• Example of Natural SUSY



– Low-lying spectrum



– For electroweakinos, sleptons, ...



A ≥ 3TeV muon collider has discovery reach 
beyond a 100 TeV pp collider !

27
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– The H/A are observable as s-channel resonances at a MC! 

– MH ≃ MA ~ 1.5 TeV/c2 ,  Γ~ 19 GeV 

– Large tanβ ~ 20 

– Limited spectrum of SUSY particle decays.    

–  Expect 106 H/A decays per 1 ab-1 

– From this model we see the power of resonance production: 

– The states H/A are separable:  ΔM ≃ 10 MeV.  Widths and 
branching ratios can be disentangled 

– Tau decays (~8%) may allow H/A CP determination. 

– Decays to supersymmetric particles (~ 20%):  Self-analysing  
ewkinos - (Initial state beam polarization not essential) 

!
!
!
!
!
!
!

– The H/A resonances are a factory for SUSY studies at a 
Muon Collider.

28
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2.4.1.2.2 New"Physics"

2.4.1.2.2.1 Extended+Higgs+Sector+
 

In the two-Higgs doublet scenario there are five scalars:  two charged scalars H, two neutral CP-
even scalars h, H0, and a CP-odd neutral A.  For the supersymmetric MSSM models, as the mass 
of the A is increased, the h becomes closer to the SM Higgs couplings and the other four Higgs 
become nearly degenerate in mass (“decoupling”).  This makes resolving the two neutral-CP 
states difficult without the good energy resolution of a Muon Collider.  This separation in the 
case of MA = 400 and tan β = 5 was studied in detail by Dittmaier and Kaiser20.  The Muon 
Collider is an ideal place to study s-channel production of very heavy H/A because of 
decoupling26.  This is a typical situation in SUSY models that evade the LHC bounds.  A 
comparison of associated-production mechanisms for heavy-Higgs production (available at both 
ILC/CLIC and an MC) with the s-channel production available only at an MC is shown in Figure 
19. The resonance production cross section is more than two orders of magnitude larger than that 
of any process available at CLIC. 

 

 
Figure 19:  Comparison of H/A resonance production at a Muon Collider with Z0h, Z0H and heavy 
Higgs pair production common to both a Muon Collider and an e+e– Linear Collider. The SUSY 
model is an ILC benchmark Natural Supersymmetry model with mA = 1.55 TeV, ΓA = 19.2 GeV and 
mH = 1.56 TeV, ΓH = 19.5 GeV. In spite of the near degeneracy of the H/A resonances (combined 
here), properties of each individual state and its decay modes can be disentangled at a Muon 
Collider.*
 

                                                        
26 E. Eichten and A. Martin, “The Muon Collider as a H/A Factory,” arXiv:1306.2609 [hep-ph] 

CLIC/MC

MC

E.E and A. Martin [arXiv:1306.2609]
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FIG. 2. Pseudo-data (in black) along with the fit results in
the b̄b (top) and ⌧+⌧� (bottom) channels. The two Breit-
Wigner components (A in green, H in red) along with the
background component (yellow) are also shown. In each bin,
the expected number of events - the PYTHIA cross section
times 5 fb�1 was allowed to fluctuate according to Poisson
statistics.

1.5. So we can fit the individual states with the same
form of two Breit-Wigner resonances and a background
as before. Here we use the masses and widths already
determined from the bb̄ channel. So we have 4 parame-
ters (two for background fits and a peak cross section for
each of the two resonances). This allows the extraction of
relative branching fraction R⌧+⌧� = Br(⌧+⌧�)/Br(bb̄)
for each state. We obtain R⌧+⌧�(A) = 0.141±0.014 and
R⌧+⌧�(H) = 0.121± 0.013.

Furthermore, we may be able to use the large rate for
the ⌧+⌧� decay modes to determine the CP properties

of the H and A. When both ⌧± decay hadronically, one
can determine the CP properties [37]. The practicality
of this in the real muon collider environment and with
a feasible detector needs to be investigated. The use
of rare decay modes that are not common to both H
and A: H ! Z0Z0,W+W�, hh, and A ! Z0 h seems
more problematic. Within the benchmark scenarios, the
branching fractions to these modes are . 10�3. After
paying the price of additional V/h branching fractions to
clean final states (to avoid mass overlap), we are left with
only a few events per year according to Eq. (6).

B. Decays to neutralinos and charginos

If there are additional light states that interact with
the H/A, rare decays of H/A o↵er an additional, often
complementary production mechanism. Within the
context of supersymmetry, the elctroweakinos (bino,
winos, Higgsinos) and sleptons are two such examples.
The H/A branching fractions to electroweakinos and
sleptons are each O(few %) (see Table I), leading to
an e↵ective cross section of O(70 fb). As the Lorentz
structure of Yukawa and gauge interactions are dif-
ferent, sleptons/inos produced from H/A decay will
have a di↵erent handedness structure compared to
events produced via �⇤/Z0. Thus, by combining both
production mechanisms, we become sensitive to a wider
set supersymmetry parameters.

Because the resonance production of H or A is only
through the scalar channel, any polarization of the initial
muon beams does not change the relative production of
the electroweakino final states. Thus for these processes
the small (⇠ 15%) polarization of initial muon beams will
not adversely a↵ect the physics sensitivity.
As the superpartner mass is increased, H/A decay

quickly becomes the dominant production mechanism,
and, at some point, a muon collider H/A factory is the
only feasible way to study certain parts of the spectrum.
One example is the mixed chargino state �±

2 �
⌥
1 within

the Natural Supersymmetry benchmark; as m�2 ⇠ TeV,
EW production of this final state is tiny ⌧ fb, both at
the LHC and a

p
s = mH/A ⇠ 1.5TeV muon collider.

However, Br(H/A ! �±
2 �

⌥
1 ) is still O(few %), so thou-

sands of �±
2 �

⌥
1 pairs would be produced per year from

H/A decay4.
The invisible decay modes of H/A are expected to be

very small (see Table I, but could be probed by running
at

p
s slightly above the mH/A resonances. The incom-

ing muons can return to the resonant
p
s by emitting a

4 Access to heavier electroweakinos is especially important in sce-
narios, such as the Natural Supersymmetry setup, where the light
inos are compressed m

�±
1

⇠ m�0
1
and are therefore di�cult to

probe at the LHC
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FIG. 1. Top panel: comparison of resonant H/A produc-
tion in several benchmark supersymmetry scenarios [35] with
Z0h and �⇤/Z0 production. The models are: HS = Hid-
den Supersymmetry, NS = Natural Supersymmetry, NUGM
= non-universal Higgs mass, and TDR4 = light-slepton, stau
NLSP model. For the complete spectra in these scenarios,
see Ref [35]. Bottom: Comparison of H/A production in the
Natural Supersymmetry model with Z0h, Z0H and heavy
Higgs pair production. In both plots H/A production is the
sum of µ+µ� ! H and µ+µ� ! A as the states are nearly
degenerate.

fit provides an excellent description of the total cross sec-
tion and allows an accurate determination of the individ-
ual masses, widths and Bbb̄ branching ratios of the A and
H.

VI. H/A FACTORY

In the previous section, we investigated the principal
decay mode of the H/A resonances, the bb̄ channel. We
have determined the masses, total widths and branching
ratio Br(µ+µ�)⇥Br(bb̄) for both the H and A. Now we
consider other decay modes.

TABLE I. Properties of the H and A states in the Natural
Supersymmetry benchmark model [35]. In addition to masses
and total widths, the branching ratios for various decay modes
are shown.

H A

Mass 1.560TeV 1.550TeV

Width 19.5GeV 19.2GeV

(Decay) Br (Decay) Br

(bb̄) 0.64 (bb̄) 0.65

(⌧+⌧�) 8.3⇥ 10�2 (⌧+⌧�) 8.3⇥ 10�3

(ss̄) 3.9⇥ 10�4 (ss̄) 4.0⇥ 10�3

(µ+µ�) 2.9⇥ 10�4 (µ+µ�) 2.9⇥ 10�4

(tt̄) 6.6⇥ 10�3 (tt̄) 7.2⇥ 10�3

(gg) 1.4⇥ 10�5 (gg) 6.1⇥ 10�5

(��) 1.1⇥ 10�7 (��) 3.8⇥ 10�9

(Z0Z0) 2.6⇥ 10�5 (Z0�) 4.3⇥ 10�8

(h0h0) 4.4⇥ 10�5
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TABLE II. Fit of the H/A region to background plus Breit-
WIgner resonances. Both a single and two resonance fits
are shown. General form of the background fit is �B(

p
s) =

c1(1.555)
2/s( in TeV2). The values of the best fit for one or

two Breit-Wigner resonances are given.

One Resonance

Mass(GeV) �(GeV) �peak (pb)

1555± 0.1GeV 24.2± 0.2 1.107± 0.0076

�2/ndf = 363/96 c1 = 0.0354± 0.0006

Two Resonances

Mass(GeV) �(GeV) �peak (pb)

1550± 0.5GeV 19.3± 0.7 0.6274± 0.0574
1560± 0.5GeV 20.0± 0.7 0.6498± 0.0568

�2/ndf = 90.1/93 c1 = 0.040± 0.0006

A. The ⌧+⌧� decays

The ⌧ pair branching fractions are typically large
(⇠10%) and so we have high statistics for this mode as
well. The signal cross section to the final state ⌧+⌧� is
shown in Fig. 2. The signal to background ratio is S/B ⇠=

4
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Supersymmetry

– Supersymmetry   

– The symmetry is not manifest at presently 
observable energies. 

– If the breaking occurs near the EWSB scale, 
SUSY can be a solution of the naturalness 
problem of the standard model. 

– Questions: 

– What breaks the symmetry? 
• mSUGRA  (gravity) 

• GMSB  (gauge)  

• AMSB (anomalies) 

– What is the spectrum of superpartner  
masses?

29

Q|boson >= |fermion >; Q|fermion >= |boson >

To properly apply BG measure, need to identify
independent soft breaking terms

For any particular SUSY breaking hidden sector,
each soft term is some multiple of  gravitino mass m(3/2)

Since we don’t know hidden sector,  we impose parameters 
which parameterize our ignorance: 

but this doesn’t mean each parameter is independent
e.g. dilaton-dominated SUSY breaking:

examine gravity 
mediation

11Monday, May 12, 2014
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Supersymmetry

– Ten years ago:

30

cMSSM
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Supersymmetry

– cMSSM - simple model with only 5 parameters  (m0, m1/2, tanβ, A/m0, sign(µ));                    
pMSSM (19 parameters),  unconstrained (104+) 

– LHC limits on SUSY sparticles in various cMSSM scenerios: 

– Gluino and light squark masses limits ~ 1.2TeV 

– The detailed study of the full SUSY spectrum will require a multiTev lepton collider. 

– Bounds on cMSSM from all present data: LHC, B decays, Dark matter limits, (g-2)µ,…

31

9

Figure 3. A compilation of parameter planes in the CMSSM for µ > 0, including the (m0,m1/2) plane
(upper left), the (m0, tan�) plane (upper right), the (tan�,m1/2) plane (lower left), and the (MA, tan�)
plane (lower right), after implementing the ATLAS 20/fb jets + /ET , BR(Bs,d ! µ+µ�), Mh, ⌦�h

2,
LUX constraints and other constraints as described in the text. The results of the current CMSSM fit are
indicated by solid lines and filled stars, and a fit to previous data [21] using the same implementations
of the Mh, �

SI
p and other constraints is indicated by dashed lines and open stars. The red lines denote

��2 = 2.30 contours (corresponding approximately to the 68% CL), and the red lines denote ��2 = 5.99
(95% CL) contours.

parameter space, so we do not include them in
our analysis. The lower limit on m0 and the low-
mass ‘island’ corresponds to the stau LSP bound-
ary and the nearby coannihilation strip. The re-
gion at large m0 and m1/2 containing the best-fit
point is in the rapid-annihilation funnel region,

with the upper bound on m1/2 being provided by
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Figure 3. A compilation of parameter planes in the CMSSM for µ > 0, including the (m0,m1/2) plane
(upper left), the (m0, tan�) plane (upper right), the (tan�,m1/2) plane (lower left), and the (MA, tan�)
plane (lower right), after implementing the ATLAS 20/fb jets + /ET , BR(Bs,d ! µ+µ�), Mh, ⌦�h

2,
LUX constraints and other constraints as described in the text. The results of the current CMSSM fit are
indicated by solid lines and filled stars, and a fit to previous data [21] using the same implementations
of the Mh, �

SI
p and other constraints is indicated by dashed lines and open stars. The red lines denote

��2 = 2.30 contours (corresponding approximately to the 68% CL), and the red lines denote ��2 = 5.99
(95% CL) contours.
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Supersymmetry

– Projecting into one dimensional bounds -  most likely sparticle masses rise

32

14

Figure 5. The one-dimensional �2 likelihood functions in the CMSSM for µ > 0 for mg̃ (upper left), mq̃R

(upper right), mt̃1
(lower left) and m⌧̃1 (lower right). In each panel, the solid line is derived from a global

analysis of the present data, and the dotted line is obtained from a reanalysis of the data used in [21],
using the implementations of the Mh and �SI

p constraints discussed in Section 2.

larger BR(Bs,d ! µ+µ�) is largely due to the di-
rect experimental constraint on this quantity, but
the steep rise at lower BR(Bs,d ! µ+µ�) is due
to the other constraints on the CMSSM, which
are hard to reconcile with Rµµ < 1. The rise
at large BR(Bs,d ! µ+µ�) found from the data
set used in [21] is less steep, reflecting the evolu-
tion in the measurement of BR(Bs,d ! µ+µ�).
The right panel of Fig. 7 displays the (m�̃0

1
,�SI

p )
plane, again with solid (dashed) lines represent-
ing the current analysis (the constraints of [21]),
respectively, with the filled (open) green star de-

noting the corresponding best-fit point whereas
the red (blue) lines representing 68 (95)% CL
contours, respectively. We see that a range
10�47cm2 <⇠ �SI

p
<⇠ 10�43 cm2 is allowed at the

95% CL, and the best-fit point yields a value in
the middle part of this range ⇠ 10�45 cm2. The
mass of m�̃0

1
at the best fit point is 935 GeV.

3.1.4. Comparisons between Analyses

We restrict our attention here to the only
other analysis that incorporates the latest AT-
LAS 20/fb jets + /ET constraint. Preliminary re-

15

Figure 6. The one-dimensional �2 likelihood functions in the CMSSM for µ > 0 for Mh (left) and MA

(right). In each panel, the solid line is derived from a global analysis of the present data, and the dotted
line is derived from a reanalysis of the data used in [21], using the implementations of the Mh and �SI

p

constraints discussed in Section 2.

CMSSM CMSSM NUHM

Sparticle µ > 0 µ < 0 µ > 0

g̃ 1810 (2100) (3200) 3540 1920

q̃R 1620 (1900) 6300 1710

t̃1 750 (950) 4100 (650) 1120

⌧̃1 340 (400) 4930 380

MA 690 (1900) 3930 450

Table 3
The 95% CL lower limits (in GeV) on various sparticle masses in the CMSSM with both signs of µ and
the NUHM1 with µ > 0. We emphasize that these limits are specific to the models studied. In the case
of the CMSSM with µ < 0 and the NUHM1, the parentheses indicate the approximate locations of small
mass ranges where the �2 function dips briefly below the 95% CL.

sults from a new global frequentist analysis of the
CMSSM with µ > 0 within the FITTINO frame-
work have recently been presented [29]. The best-
fit point found in [29] is very similar to the best-
fit point we find in the low-mass region of the
CMSSM with µ > 0. However, the regions of
the parameter space favoured at the 68 and 95%
CL in the FITTINO analysis do not extend to val-
ues of (m0,m1/2) as large as those we find in the

present analysis. In addition to ATLAS 20/fb jets
+ /ET , this analysis also uses HIGGSSSIGNALS to de-
rive constraints from the Higgs mass and signal
strength measurements. The latter do not change
substantially the results, since the Higgs rate pre-
dictions in the favoured regions of the CMSSM
parameter space, which are in the in the decou-

A

Stop

Gluino Squark

Higgs

Stau
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Supersymmetry

– Are various constrained models consistent with a Higgs mass of 125.5 GeV? 

– Parameters varied in wide range.                                                                                                  
Upper bound - mh in top 1% 

– GMSB, AMSB ✖    

– mSUGRA ✔   
• NUHM:  non universal m0                  

• VCMSSM:  m0 ≃ -A0  

• NMSSM:   m0 ≃0  A0 ≃ -1/4m½    

• no scale:    m0 ≃ A0 ≃ 0 

– As mass scales increase (µ2 increases) more fine tuning.   The little hierarchy problem.

33

[A. Atbey, et. al.: arXiV:1112.3028]

model AMSB GMSB mSUGRA no-scale cNMSSM VCMSSM NUHM

Mmax

h 121.0 121.5 128.0 123.0 123.5 124.5 128.5

Table 1: Maximal h0 boson mass (in GeV) in the various constrained MSSM scenarios when
scanning over all the input parameters in the ranges described in the text.

necessary to scan through the allowed range of values for all relevant SUSY parameters.

Following the analysis performed in Ref. [16], we adopt the ranges for the input parameters
of the considered mSUGRA, GMSB and AMSB scenarios:

mSUGRA: 50 GeV  m
0

 3 TeV, 50 GeV  m
1/2  3 TeV, |A

0

|  9 TeV;
GMSB: 10 TeV  ⇤  1000 TeV, 1  M

mess

/⇤  1011, N
mess

= 1;
AMSB: 1 TeV  m

3/2  100 TeV, 50 GeV  m
0

 3 TeV.

Moreover, in the three cases we allow for both signs of µ, require 1  tan �  60 and, to
avoid the need for excessive fine–tuning in the EWSB conditions, impose an additional bound
on the weak–scale parameters, i.e. MS = M

EWSB

=
p
m

˜t1m˜t2 < 3 TeV.

Using the programs Softsusy and Suspect, we have performed a full scan of the GMSB,
AMSB and mSUGRA scenarios, including the four options “no-scale”, “cNMSSM”, “VCMSSM”
and “NUHM” in the later case. Using the SM inputs of Eq. (3) and varying the basic SUSY
parameters of the various models in the ranges described above, we have determined the maxi-
mal Mh value in each scenario. The results for Mmax

h are shown in Fig. 2 as a function of tan �,
the input parameter that is common to all models. The highest Mh values, defined as that
which have 99% of the scan points below it, for any tan� value, are summarised in Table 1;
one needs to add ⇡ 1 GeV to take into account the uncertainties in the SM inputs Eq. (3).

βtan 
10 20 30 40 50

 (G
eV

)
m

ax
h

M

110

115

120

125

130

135

140
NUHM
mSUGRA
VCMSSM
NMSSM

no scale

GMSB

AMSB

Figure 2: The maximal value of the h mass defined as the value for which 99% of the scan points
have a mass smaller than it, shown as a function of tan� for the various constrained MSSM models.

In all cases, the maximal Mh value is obtained for tan � around 20. We observe that in
the adopted parameter space of the models and with the central values of the SM inputs, the

6

#1: Simplest SUSY measure: �EW

No large uncorrelated cancellations in m(Z) or m(h)

with etc.

scalar potential: calculate m(Z) or m(h)
Working only at the weak scale, minimize

simple, direct, unambiguous interpretation:

Large At reduces �u
u(t̃1,2) whilst lifting mh to 125.5 GeV

5Monday, May 12, 2014

⌃t
t =

3g2

8⇡2

m4
t

m4
W

⇥
ln

m2
t̃

m2
t

+
X2

t

m2
t̃

�
1� X2

t

12m2
t̃

�⇤
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as well as the mixing angle ↵ between Hu and Hd

tan 2↵ =
m2

A +m2
Z

m2
A � m2

Z

tan 2�. (7.40)

Equation (7.39) in the limit of large mA reduces to an upper bound to the tree-level
lightest Higgs mass

m2
h < m2

Z cos2 2� < m2
Z , (7.41)

which is by far too light to explain the observed value of 125 GeV.

7.3 Supersymmetry and naturalness

Since SUSY is broken above the weak scale, radiative corrections a↵ect all the parameters
of the MSSM. One the one hand these corrections are suitable to fit the predicted value
of the Higgs mass with the experimental data, a task which would be not possible at tree-
level because of the bound (7.41). On the other hand, quadratic divergences proportional
to the masses of the sparticles may constitute a problem for naturalness if they are too
high. As we will see, there is a significative tension between these two e↵ects in the
MSSM. One finds a better situation in the NMSSM, which will be the subject of the next
chapter.

7.3.1 Radiative corrections to the Higgs mass

The relations (7.36), (7.37), (7.39), all coming from the potential (7.29), are valid only at
tree-level. Loop contributions, in particular the ones coming from third generation quarks
and squarks, are nevertheless relevant.

The corrections to the neutral mass matrix (7.38) can be parametrized as

M2 =

✓
M2

11 + �2
11 M2

12 + �2
12

M2
12 + �2

12 M2
22 + �2

22

◆
. (7.42)

The dominant contribution to �22 arising from the large tree-level coupling to the top-stop
system, including also two-loop leading-log QCD e↵ects, reads [177]

�2
22 =

3m4
t

4⇡2v2 sin2 �

h
log

M2
S

M2
t

+
X̃t

2
+

1

16⇡2

⇣3m2
t

v2
� 32⇡↵s(Mt)

⌘⇣
X̃t log

M2
S

M2
t

+ log2 M
2
S

M2
t

⌘i
.

(7.43)

Here

X̃t =
2Ã2

t

M2
S

⇣
1 � A2

t

12M2
S

⌘
, Ãt = At � µ cot � =

m2
t̃1

� m2
t̃1

2mt

sin 2✓t, (7.44)

[one loop]

for large masses need big 
cancellations
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– 2014:  Escape from the Black Hole of Experimental Limits 
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Supersymmetry

– LHC stop limits pushing theories to stronger nominal fine tuning.. 

– Masses up to 700 GeV excluded (beyond the reach of even a 1 TeV ILC) 

!
!
!
!
!
!
!
!
!
!
!

– But still gaps in the exclusion plots depending on decay mode and decay product masses. 

– Look forward to the LHC run 2 at 13+ TeV.

35
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– Need to observe and study all 4 charginos and 2 neutralinos.   Limits for ϰ1+, x20 already exist 
from LHC 8/7 TeV run. 

!
!
!
!
!
!
!
!
!

– Seems to rule out study of even these lowest  at the ILC even upgraded to 1 TeV. 

– Focussing on higgs decays of x20   A. Bharucha1†, S. Heinemeyer2‡, F. von der Pahlen          
studied this issue [arXiv:1404.0365].  Based on existing data they conclude:

Supersymmetry
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Figure 1 – Summary of simplified model interpretations for ATLAS (left) and CMS (right) searches for pair
production of charginos and neutralinos, for di↵erent production and decay modes.

The search selects events with exactly three leptons, using e, µ, and up to two hadronically-
decaying ⌧ candidates (⌧h), and events are binned according to their lepton content, with further
selections applied to enhance sensitivity to each of the final states given above. For example,
signal regions with either one or two ⌧h candidates target the final state of W e�0

1H e�0
1 ! `⌫⌧⌧ +

Emiss
T by requiring the visible dilepton mass to be consistent with the Higgs boson mass. In total

the analysis defines 24 signal regions, with all mutually exclusive except the two bins requiring
two ⌧h candidates.

The primary SM backgrounds come from processes producing three or more prompt leptons,
plus reducible sources where at least one lepton is non-prompt or a misreconstructed jet. The
former is predicted from simulation and the latter from control regions in data. No significant
deviations from the SM predictions are observed. The results from interpreting this search in the
context of simplified models are shown in Fig. 1 (left) with the curves labeled “3l.” Assuming
a massless LSP, chargino-neutralino production is probed up to a common chargino-neutralino
mass of about 300–700 GeV, depending on the decay mode.

Similar searches have also been performed by CMS 4,5,6. The CMS searches do not consider
events with two ⌧h leptons, but Ref.4 in particular has a more inclusive selection with bins in e.g.
HT (the scalar sum of jet pT ) and the presence of absence of a b jet. No significant deviations
are seen in these searches. The results are combined with other search channels and appear in
Fig. 1 (right).

3 Search in the Two Lepton + Emiss
T Final State

ATLAS performed a search in the two lepton + Emiss
T final state 7 with sensitivity to processes

such as:

• e�+
1 e��

1 ! W+ e�0
1W

� e�0
1 ! `+⌫ e�0

1`
�⌫ e�0

1 or e�+
1 e��

1 ! è+⌫ è�⌫ ! `+⌫ e�0
1`

�⌫ e�0
1

• e�±
1 e�0

2 ! W e�0
1Z e�0

1 ! qq0 e�0
1`

+`� e�0
1

• è+ è� ! `+ e�0
1`

� e�0
1

Events with two opposite-sign leptons (e or µ) are selected and binned according to their lepton
content, including the presence or absence of a Z boson candidate based on invariant mass.
Seven signal regions are defined with additional kinematic selections to target the final states
above. In events with a Z boson candidate, the largest backgrounds come from Z+jets and tt̄,
while in events without a Z candidate, the largest backgrounds are from WW and tt̄. The main

baseline value tan β = 6 to tan β = 20 again leads to somewhat larger excluded regions,
but the decay χ̃0

2 → χ̃0
1h1 is still clearly seen to have a substantial effect on the limits. We

furthermore reviewed the dependence of the excluded mass regions on the phase of M1, and
found a strong dependence on ϕM1

. In the future, limits on WZ + Emiss
T and Wh + Emiss

T

could also be exploited as a method to constrain ϕM1
, complementary to the EDMs.

Altogether these results show, on the one hand, how important it is to look at a realistic
spectrum (i.e. where the decays to a Higgs boson are not neglected), and on the other hand
that dedicated searches for the Wh+ Emiss

T channel are beneficial [43]. The results indicate
that there is ample room for chargino/neutralino production at the ILC with

√
s ≤ 1 TeV.
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– Determining the nature of SUSY dynamics and hence the nature of SUSY breaking will 
require detailed measurements of almost the full spectrum.   This is not possible at the       
ILC (500)  [       ]  and by the end of run 2 we will know the fate of an ILC(1000) [       ].

Supersymmetry
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Sample spectra (2012) that try to minimize fine tuning in a 100+ parameter space.
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– QCD-like Technicolor is dead but ETC and Walking Technicolor lives 

– QCD-like technicolor failed to give quark and lepton masses -> ETC 

– ETC could produce flavor changing neutral currents too large -> Walking Technicolor 

– Walking requires near conformal strong dynamics.  Is this possible? 

– Spectrum not QCD like - what does it look like? 

– Can light scalars arise in walking technicolor theories? 

– Can the Higgs be a pseudodilaton? 

– What would rest of spectrum look like? 

– What are low-lying states? 

– What is role of ETC and 4 fermion interactions? 

– Not presently in lattice studies 

– EWSB driven by four fermion interactions

38

R. Sekhar Chivukula, Andrew G. Kenneth Lane [NP 
B343, 554 (1990): 
W.~A.~Bardeen, C.~T.~Hill and M.~Lindner 
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Dynamics, Dilatons, and …
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Dynamics, Dilatons, and …

–  Lattice Studies                                   

– Look for theories in which walking can be realized. 

– Evidence for conformal behaviour:  SU(2)  adjoint fermion doublet (U,D) 

–                                                         SU(3)  16 fundamental fermions 

39

Probing technicolor theories with staggered fermions Kieran Holland

Figure 1: The conformal window for SU(N) gauge theories with Nf techniquarks in various representations,

from [3]. The shaded regions are the windows, for fundamental (gray), 2-index antisymmetric (blue), 2-index

symmetric (red) and adjoint (green) representations.

1. Introduction

The LHC will probe the mechanism of electroweak symmetry breaking. A very attractive

alternative to the standard Higgs mechanism, with fundamental scalars, involves new strongly-

interacting gauge theories, known as technicolor [1, 2]. Such models avoid difficulties of theories

with scalars, such as triviality and fine-tuning. Chiral symmetry must be spontaneously broken in

a technicolor theory, to provide the technipions which generate the W± and Z masses and break

electroweak symmetry. Although this duplication of QCD is appealing, precise electroweak mea-

surements have made it difficult to find a viable candidate theory. It is also necessary to enlarge the

theory (extended technicolor) to generate quark masses, without generating large flavor-changing

neutral currents, which is challenging.

Technicolor theories have lately enjoyed a resurgence, due to the exploration of various tech-

niquark representations [3]. Feasible candidates have fewer new flavors, reducing tension with

electroweak constraints. If a theory is almost conformal, it is possible this generates additional

energy scales, which could help in building the extended technicolor sector. There are estimates

of which theories are conformal for various representations, shown in Fig. 1. For SU(N) gauge

theory, if the number of techniquark flavors is less than some critical number, conformal and chiral

symmetries are broken and the theory is QCD-like. For future model-building, it is crucial to go be-

yond these estimates and determine precisely where the conformal windows are. There have been

a number of recent lattice simulations of technicolor theories, attempting to locate the conformal

windows for various representations [4, 5, 6, 7, 8].

2. Dirac eigenvalues and chiral symmetry

The connection between the eigenvalues ! of the Dirac operator and chiral symmetry breaking

2

SCGT: theory space and conformal window 
important for composite Higgs realization
space of color, flavor, and fermion representation 

adjoint rep

2-index antisymmetric

2-index symmetric 

N (color)

N
f (

fla
vo

r)

fu
nd

am
en

ta
l  

re
p attacking the conformal edge:

14 models with new results 
(discussed at Lattice 2013)

Two-index symmetric  SU(3) color
Wong, Sinclair, Holland

adjoint SU(2) color
Del Debbio, Rantaharju, Pica, Athenodoru

adjoint SU(3) color
Shamir

fundamental SU(3) color:
Nagai, Ohki, Schaich, Rinaldi, Miura, Hasenfratz, 
Ogawa, Yamazaki, Liu, Petropoulos, Yamada, 
Da Silva, Aoki, Iwasaki, Buchoff, Cheng

fundamental SU(2) color:
Tomii, Voronov       

 Two-index antisymmetric SU(4) color

although ~30 talks, SCGT is 
only part of the BSM theory 
space!  SUSY, 5D, ...

J. Kuti Summary Lattice 2013 
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– Walking technicolor toy models 

– SU(4)    6 antisymmetric rank 2 tensor fermions (sextets) 

– SU(3)    2 adjoint fermions (octets) 

– Much progress but still much to learn to have the tools to make realistic models of a strong 
dynamics solution.   

– Will likely need more experimental hints.  Low-lying spectrum. 

– Requires high energy colliders.
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Standard Model: Charged currents in SU(2)L � U(1)Y sector

Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Je�erson Laboratory, April 4 - 5, 2008, 15/19

walking coupling separates 
two scales

target of lattice BSM?

when chiral symmetry breaking 
turns conformal FP into walking

running coupling

QCD-like
far from conformal window

χSB

walking gauge coupling? 

fermion mass generation (effective EW int)

composite Higgs mechanism ?

broken scale invariance (dilaton)  ?           
or light non-SM composite Higgs 
particle?  
    
Early work using sextet rep: 

Marciano (QCD paradigm, 1980)

Kogut,Shigemitsu,Sinclair 
(quenched, 1984)

recent work:

DeGrand,Shamir,Svetitsky
IRFP or walking gauge coupling

Lattice Higgs Collaboration

Kogut,Sinclair
finite temperature

χSB on Λ~TeV scale

χSB

to illustrate: sextet SU(3) color rep

one massless fermion doublet
  

three Goldstone pions 
become longitudinal   
components of weak bosons

composite Higgs mechanism  
scale of Higgs condensate ~ F=250 
GeV  

conflicts with EW constraints?

u
d
⎡

⎣
⎢

⎤

⎦
⎥

χSB on Λ~TeV scale

light Higgs near conformality (dilaton-like?) sextet

 T. DeGrand, Y. Shamir and B. Svetitsky  [arXiv:1307.2425].

Dynamics, Dilatons, and …
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– Electroweak Symmetry Breaking is generated dynamically at nearby scale 

– Technicolor, ETC, walking TC, topcolor, Two Scale TC,  composite Higgs models, ... 

– New strong interactions nearby: 
• What is the spectrum of low-lying states?  What makes the Higgs light? 

• What is the ultraviolet completion? Gauge group?  Fermion representations? 
• What is the energy scale of the new dynamics? 
• Any new insight into quark and/or lepton flavor mixing and CP violation?  

– Contact interactions 

– e.g. Compositeness,  broken flavor symmetries, ... 

– Present LHC bounds ( ~ 10 TeV) 

– Muon collider (3 TeV) sensitive to scales  > 200 TeV 

• Forward cone cut not important 

• Polarization useful in determining chiral character of the                                            interaction.
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apply, qualitatively, to a multi-TeV collider.
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Fig. 6.22: Limits on the scale Λ of contact interactions for CLIC operating at 3 TeV (dashed histogram) compared with a 1 TeV

LC (filled histogram) for different models and the µ+µ− (left) and bb̄ (right) channels. The polarization of electrons P− is

taken to be 0.8 and that of positrons P+ = 0.6. For comparison, the upper bars in the right plot show the sensitivity achieved

without positron polarization. The influence of systematic uncertainties is also shown.

Using the scaling law, the expected gain in reach on Λ for 5 ab−1 and a 5 TeV (10 TeV) e+e−

collider would be 400–800 GeV (500–1000 GeV). This is a very exciting prospect, if for the ‘doomsday’

scenario where in some years from now only a light Higgs has been discovered, and no sign of other

new physics has been revealed by the LHC or a TeV-class LC. Indeed, if the Higgs particle is light,

i.e. below 150 GeV or so, then the SM cannot be stable up to the GUT or Planck scale, and a new

mechanism is needed to stabilize it, as shown in Fig. 6.23 [58]: only a narrow corridor of Higgs masses

around 180 GeV allow an extrapolation of the SM up to the Planck scale without introduction of any new

physics. For example, for a Higgs with a mass in the region of 115–120 GeV, the SM will hit a region

of electroweak unstable vacuum in the range of 100–1000 TeV. Hence, if the theoretical assessment of

Fig. 6.23 remains valid, and the bounds do not change significantly (which could happen following a

change in the top-quark mass from, e.g. new measurements at the Tevatron) and the Higgs is as light as

120 GeV, then the signature of new physics cannot escape precision measurements at CLIC.

Finally, we note that straightforward left–right asymmetry measurements in Møller scattering, as

observed in e−e− interactions, can be used as sensitive probes of new physics effects due to, say, the
existence of higher-mass Z ′ bosons, doubly-charged scalars (which might belong to an extended Higgs
sector), or the presence of extra dimensions [59]. The running of sin2 θW with Q2 can be measured over

a large parameter range to probe for such novel effects, in a single experiment. The added energy reach

of CLIC will be of major importance for the sensitivity of such studies. As an example: assuming 90%

polarized beams at a CLIC energy of 3 TeV, e−e− interactions will be sensitive to interference effects
up to a compositeness scale of ∼ 460 TeV, far outdistancing the Bhabha scattering sensitivity even if the
electron (but not the positron) is polarized. For the same integrated luminosity, the sensitivity to Λ is

about a factor 1.6 larger in e−e− scattering, compared with e+e− scattering.
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Summary and Outlook
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– The Higgs discovery has changed the theory landscape. SUSY and strong Dynamics 
ideas survive present LHC results (but cMSSM and QCD-like Technicolor are dead) 

– Naturalness is still a powerful motivation for BSM physics,  What is the fate of 
naturalness?  SUSY with some fine tuning? Higgs as a composite state? or another not 
yet imagined solution? 

– The direction of BSM physics is not yet clear. Much will be learned from the 13+ TeV 
LHC running.  Further clues from a ILC/TLEP Higgs Factory, rare processes and dark 
matter searches may appear. 

– However it is already clear that the full exploration of Terascale physics will require 
new high energy colliders with sensitivity to pair production of multiTeV BSM 
particles. 
– HL-LHC for new QCD colored particles. (e.g. squarks, gluions,..) -> 100 TeV Collider ? 

– A staged muon collider at  √s up to 6 TeV and integrated luminosity of 5 ab-1.. Complimentary 
to a 100 TeV pp collider but also having its own unique discovery and detailed study 
potential.  Particularly strong case for SUSY. 

– Narrow s-channel states played an important role in past lepton colliders.  A new element is 
the possibility of additional scalar higgs-like resonances.  If such states exist in the multi-
TeV region, they will play a similar role in precision studies for new physics.  
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Summary and Outlook
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– P5 statement on Muon Collider: 
  •  Muon colliders can reach higher energies than e+e– accelerators, but have many technical     

challenges. Addressing all of the necessary challenges would require a very strong physics 
motivation based on results from ongoing or future accelerators. 	



!
!
!
!
!

– New physics will provide this clear and compelling case for a Muon Collider with   
Ecm in the multi-Tev range. This is likely to happen during run 2 of the LHC. 

– Many technical challenges need to be met (6D cooling, target design,   
backgrounds from muon decays, detector design, .. ). We should explore the 
technology feasibility of a MC and find ways to make it affordable.  
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Table 1
Summary of Scenarios

 Large Projects

Muon program: Mu2e, Muon g-2 Y, Y Y     � I

HL-LHC Y Y Y �  �  � E

LBNF + PIP-II Y, Y Y, enhanced  �   � I,C

ILC R&D only R&D, Y �  �  � E

NuSTORM N N N  �    I

RADAR N N N  �    I

 Medium Projects

LSST Y Y Y  �  �  C

DM G2 Y Y Y   �   C

Small Projects Portfolio Y Y Y  � � � � All

Accelerator R&D and Test Facilities Y, reduced Y, Y, enhanced � � �  � E,I

CMB-S4 Y Y Y  �  �  C

DM G3 Y, reduced Y Y   �   C

PINGU Further development of concept encouraged  � �   C

ORKA N N N     � I

MAP N N N � � �  � E,I

CHIPS N N N  �    I

LAr1 N N N  �    I

 Additional Small Projects (beyond the Small Projects Portfolio above)

DESI N Y Y  �  �  C

Short Baseline Neutrino Portfolio Y Y Y  �    I

LBNF components 
delayed relative to 
Scenario B.

possibly small  
hardware contri- 
butions. See text.

some reductions with 
redirection to  
PIP-II development

Mu2e small reprofile 
needed

Scenarios Science Drivers
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CSS 2013 SUSY Benchmarks

– Theorist are working hard to save SUSY
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Higgs Studies and More Scalars

46

Search$strategies$for$the$extra$scalars$in$“Alignment$without$decoupling”$
could$be$very$different:$
$
$
$
$
$
$
$
$
$
$
$
$
$
Dominant$decay$channels$are$WW,$hh$and$R,$which$are$very$different$from$
the$most$considered$bb$and$tau$tau!$$

Craig,$Galloway,$Thomas:1305.2424$

Ian Low’s talk at AWLC  (5/13/2014)
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Staged Approach

– The path from the intensity frontier back to the energy frontier has physics at each step. 

– A staged  Muon Collider can provide a Neutrino Factory to fully disentangle neutrino physics. 

– The observation  of a new state at 125 GeV by both ATLAS and CMS revitalizes  
consideration of a Higgs factory as part of a staged multi-Tev muon collider.  This is 
particularly attractive if there is an enlarged scalar sector (eg. THDM, SUSY)  

– The unique measurements of the Muon Higgs factory. 
– Most precise measurement of Higgs mass: ΔmH = 0.06 MeV; direct Higgs width measurement: ΔΓH = 0.18  MeV; 

measurement of BR(µ+µ-) BR(WW*) to 2% and can separate nearly degenerate scalar resonances. 

– A multiTeV lepton collider will be required for full coverage of Terascale physics.  
– The physics potential for a muon collider at  √s up to 6 TeV and integrated luminosity of 5 ab-1 is outstanding.  

Particularly strong case for SUSY and new strong dynamics. 

– Narrow s-channel states played an important role in past lepton colliders.  The new element now is the possibility 
of new scalar higgs-like resonances.  If such states exist in the multi-TeV region, they will play a similar role in 
precision studies for new physics.  
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