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Fermilab The Standard Model Higgs 

• The SM Higgs:

– All  properties are determined for given mass.

– Any deviations signal new physics.  

• Theoretical questions:

– Couplings and width SM?
– Scalar self-coupling SM?
– Any additional scalars?  EW doublets, triplets 

or singlets?  (e.g. SUSY requires two Higgs 
doublets)

– Any invisible decay modes?
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Theory errors (LHC Higgs Cross Section WG) 
[arXiv:1107.5909v2]
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Fermilab The Standard Model Higgs ?

– Indirect measurements are all consistent with                
a 126 GeV Higgs

– For a 126 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.   
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Jean Elias-Miro et. al.
  [arXiv:1112.3022]       



– EPS 2013 results:  (F. Cerutti)

• ATLAS (M. Duehrssen)

• CMS (J. Bendavid)

• Tevatron
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The Standard Model Higgs ?

• mh = 125.5 ± 0.2 (stat) ± 0.6 (sys) GeV
• µ =  1.33 ± 0.20 (ƔƔ, WW*, ZZ*)

       1.23 ± 0.18  (+ bb, 𝜏𝜏) 
• µVBF/µggF+ttH = 1.4 + (stat) (+0.4/-0.3) + (sys)  (+0.6/-0.4) 
• VBF production 3.3 𝝈

• mh = 125.7 ± 0.3 (stat) ± 0.3 (sys) GeV
• µ =  0.80 ± 0.14 (ƔƔ, WW*, ZZ*, bb, 𝜏𝜏 )
• Γ < 6.9 GeV
• V mediated production 3.2 𝝈

• µ =  1.44 ± 0.60 (bb, WW*, 𝜏𝜏, ƔƔ)



– Spin and CP: 

• Light pseudoscalars often appear in dynamical EWSB models

• However they don’t couple to WW/ZZ  in lowest order.

• Assuming spin zero - a pure pseudoscalar is experimentally disfavored.

• Spin 2 is also disfavored.
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The Standard Model Higgs ?
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Summary
● During the last year ATLAS has done extensive property 

measurements for the discovered Higgs boson
● All results consistent with a SM Higgs boson
● But stay tuned – fermion and “rare” Higgs channels to be 

added
H ! ZZ ! 4`: Parity Test
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expected for µ = 1)

Josh Bendavid (CERN) CMS Higgs Properties 9

 0-  Excluded at 3.2 𝝈



– Branching Fractions:

• Within present errors,  ATLAS and CMS results consistent with SM Higgs 
expectations.
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The Standard Model Higgs ?
Observed Signal: A Summary

Channel Expected Observed
ZZ 7.1� 6.7�
�� 3.9� 3.2�
WW 5.3� 3.9�
bb 2.2� 2.0�
⌧⌧ 2.6� 2.8�
(bb+⌧⌧) 3.4� 3.4�

Overall best-fit
µ = 0.80± 0.14

SMσ/σBest fit 
0 0.5 1 1.5 2 2.5

 0.28± = 0.92 µ       
 ZZ→H 

 0.20± = 0.68 µ       
 WW→H 

 0.27± = 0.77 µ       
γγ →H 

 0.41± = 1.10 µ       
ττ →H 

 0.62± = 1.15 µ       
 bb→H 

 0.14± = 0.80 µ       
Combined

-1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

CMS Preliminary
 = 0.65

SM
p

 = 125.7 GeVH m

Josh Bendavid (CERN) CMS Higgs Properties 3
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Measuring the signal strength
● Measure the ratio µ between 
the observed rate and the SM 
expectation for σ  x BR

● Result consistent with µ=1:
Pattern matches the footprint 
of a SM Higgs boson!

m
H

Updated!
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Fermilab The SM Higgs and BSM

• 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) and incomplete (dark matter,  
insufficient CP violation for the observed baryon excess, gauge unification, 
gravity and strings)

• If after the analysis of the 2012 CMS/ATLAS data, the 126 GeV state 
is found to be a 0+ state with couplings consistent with the SM Higgs, 
the first argument is satisfied.

– The second argument remains strong. but is less strongly tied to the TeV 
scale.

– Scales already probed at the LHC suggest that any new collider (of LHC 
level costs) should be able the probe the BSM physics in the multi-TeV 
range.  
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• 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                                                              
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jjmColor octet scalar : dijet resonance, 
µe

m, µ)=1) : SS eµe→
L
±± (DY prod., BR(HL

±±H ll
m), µµll)=1) : SS ee (→

L
±± (DY prod., BR(HL

±±H
 (LRSM, no mixing) : 2-lep + jetsRW

Major. neutr. (LRSM, no mixing) : 2-lep + jets
,WZT

mlll), νTechni-hadrons (LSTC) : WZ resonance (
µµee/mTechni-hadrons (LSTC) : dilepton, γl

m resonance, γExcited lepton : l-
jjmExcited quarks : dijet resonance, 

jetγ
m-jet resonance, γExcited quarks : 

llqmVector-like quark : NC, 
qνlmVector-like quark : CC, 
)

T2
 (dilepton, M0A0 tt + A→Top partner : TT Zb

m Zb+X, →New quark b' : b'b'
 WtWt→)5/3T

5/3
 generation : b'b'(Tth4

 WbWb→ generation : t't'th4
jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pair (
jjν=1) : kin. vars. in eejj, eβScalar LQ pair (
µT,e/mW* : 
tb

m tb, SSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : 
ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH (

tt,boosted
m l+jets, →tt (BR=0.925) : tt →

KK
RS g

νlν,lTmRS1 : WW resonance, 
llll / lljjmRS1 : ZZ resonance, 

 / llγγmRS1 : diphoton & dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

 massL
±±H375 GeV , 7 TeV [1210.5070]-1=4.7 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

(N) < 1.4 TeV)m mass (RW2.4 TeV , 7 TeV [1203.5420]-1=2.1 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ483 GeV , 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge 2/3, coupling 1.08 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

) < 100 GeV)
0

(AmT mass (483 GeV , 7 TeV [1209.4186]-1=4.7 fbL

b' mass400 GeV , 7 TeV [1204.1265]-1=2.0 fbL

) mass
5/3

b' (T670 GeV , 7 TeV [ATLAS-CONF-2012-130]-1=4.7 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3538 GeV , 7 TeV [Preliminary]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W* mass2.42 TeV , 7 TeV [1209.4446]-1=4.7 fbL

W' mass1.13 TeV , 7 TeV [1205.1016]-1=1.0 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.49 TeV , 8 TeV [ATLAS-CONF-2012-129]-1=5.9-6.1 fbL

Λ1.7 TeV , 7 TeV [1202.5520]-1=1.0 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=4.9-5.0 fbL

Λ7.8 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL

=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g1.9 TeV , 7 TeV [ATLAS-CONF-2012-136]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (845 GeV , 7 TeV [1203.0718]-1=1.0 fbL

 = 0.1)PlM/kGraviton mass (2.23 TeV , 7 TeV [1210.8389]-1=4.7-5.0 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

-1Compact. scale R1.41 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (1.0 - 13.0) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)
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,missT
E) : 'monojet' + χWIMP interaction (D5, Dirac  

Scalar gluon : 2-jet resonance pair,missT
Ebs : 2 SS-lep + (0-3b-)j's + →t~t, t~→g~

 qqq : 3-jet resonance pair→ g~
,missTE + τ : 3 lep + 1 τντ,eeνττ→

0

1
χ∼, ..., -

1
χ∼+

1
χ∼

,missTE : 4 lep + 
e

νµ,eµνee→
0

1
χ∼, 0

1
χ∼W→+

1
χ∼, -

1
χ∼+

1
χ∼

,missTEBilinear RPV CMSSM : 1 lep + 7 j's + 
 resonanceτ)+µe(→τν

∼+X, τν
∼→LFV : pp

 resonanceµe+→τν
∼+X, τν

∼→LFV : pp
 + heavy displaced vertexµ (RPV) : µ qq→ 0

1
χ∼

 : non-pointing photonsG~γ→0
1
χ∼GMSB, 

β : low τ∼GMSB, stable 
γβ, β, R-hadrons : low g~Stable 
±

1
χ∼ pair prod. (AMSB) : long-lived ±

1
χ∼Direct 

,missTE : 3 lep + 0

1
χ∼

)*(Z0

1
χ∼

)*( W→ 0

2
χ∼±

1
χ∼

,missT
E) : 3 lep + νν∼l(Ll

~
ν∼), lνν∼l(Ll

~
νLl

~ → 0
2
χ∼±

1
χ∼

,missTE + τ) : 2 ν∼τ(ντ∼→+
1
χ∼, -

1
χ∼+

1
χ∼

,missTE) : 2 lep + ν∼(lνl~→+
1
χ∼, -

1
χ∼+

1
χ∼

,missTE : 2 lep + 0
1
χ∼l→l~, Ll

~
Ll

~ ,missT
Ell) + 1 lep + b-jet + →+Z : Z(1t

~
→2t

~, 2t
~

2t
~ ,missT

Ell) + b-jet + → (natural GMSB) : Z(t~t~
,missTE : 0 lep + 6(2b-)jets + 0

1
χ∼t→t~ (heavy), t~t~

,missTE : 1 lep + b-jet + 0
1
χ∼t→t~ (heavy), t~t~

,missTE : 2 lep + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1 lep + b-jet + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1/2 lep (+ b-jet) + ±

1
χ∼b→t~ (light), t~t~

,missTE : 2 SS-lep + (0-3b-)j's + ±

1
χ∼t→1b~, b~b~

,missTE : 0 lep + 2-b-jets + 0
1
χ∼b→1b~, b~b~

,missTE : 0 lep + 3 b-j's + 0
1
χ∼tt→g~

,missTE : 0 lep + multi-j's + 0
1
χ∼tt→g~

,missTE : 2 SS-lep + (0-3b-)j's + 0
1
χ∼tt→g~

,missTE : 0 lep + 3 b-j's + 0
1
χ∼bb→g~

,missTEGravitino LSP : 'monojet' + 
,missTEGGM (higgsino NLSP) : Z + jets + 
,missT

E + b + γGGM (higgsino-bino NLSP) : ,missT
E + lep + γGGM (wino NLSP) : ,missT
E + γγGGM (bino NLSP) : ,missT
E + j's + τ NLSP) : 1-2 τ∼GMSB ( ,missTE NLSP) : 2 lep (OS) + j's + l~GMSB (

,missTE) : 1 lep + j's + ±χ∼qq→g~ (±χ∼Gluino med. 
,missTEPheno model : 0 lep + j's + 
,missTEPheno model : 0 lep + j's + 
,missTEMSUGRA/CMSSM : 1 lep + j's + 
,missTEMSUGRA/CMSSM : 0 lep + j's + 

M* scale  < 80 GeV, limit of < 687 GeV for D8)χm(704 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

sgluon mass (incl. limit from 1110.2693)100-287 GeV , 7 TeV [1210.4826]-1=4.6 fbL

 massg~ ))t~(m(any 880 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massg~666 GeV , 7 TeV [1210.4813]-1=4.6 fbL

 mass+
1
χ∼
∼

 > 0)133λ) > 80 GeV, 0
1
χ∼(m(350 GeV , 8 TeV [ATLAS-CONF-2013-036]-1=20.7 fbL

 mass+
1
χ∼
∼

 > 0)121λ) > 300 GeV, 0
1
χ∼(m(760 GeV , 8 TeV [ATLAS-CONF-2013-036]-1=20.7 fbL

 massg~ = q~  < 1 mm)LSPτ(c1.2 TeV , 7 TeV [ATLAS-CONF-2012-140]-1=4.7 fbL

 massτν
∼ =0.05)1(2)33λ=0.10, ,

311λ(1.10 TeV , 7 TeV [1212.1272]-1=4.6 fbL

 massτν
∼ =0.05)132λ=0.10, ,

311λ(1.61 TeV , 7 TeV [1212.1272]-1=4.6 fbL

 massq~  decoupled)g~ < 1 m, τ(1 mm < c700 GeV , 7 TeV [1210.7451]-1=4.4 fbL

 mass0
1
χ∼ ) < 2 ns)0

1
χ∼(τ(0.4 < 230 GeV , 7 TeV [ATLAS-CONF-2013-016]-1=4.7 fbL

 massτ∼  < 20)β(5 < tan300 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 massg~985 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 mass±

1
χ∼ ) < 10 ns)±

1
χ∼(τ(1 < 220 GeV , 7 TeV [1210.2852]-1=4.7 fbL

 mass±

1
χ∼ ) = 0, sleptons decoupled)0

1
χ∼(m), 0

2
χ∼(m) = ±

1
χ∼(m(315 GeV , 8 TeV [ATLAS-CONF-2013-035]-1=20.7 fbL

 mass±

1
χ∼ ) as above)ν∼,l~(m) = 0, 0

1
χ∼(m), 0

2
χ∼(m) = ±

1
χ∼(m(600 GeV , 8 TeV [ATLAS-CONF-2013-035]-1=20.7 fbL

 mass±

1
χ∼ )))0

1
χ∼(m) + ±

1
χ∼(m(2

1) = ν∼,τ∼(m) < 10 GeV, 0
1
χ∼(m(180-330 GeV , 8 TeV [ATLAS-CONF-2013-028]-1=20.7 fbL

 mass±

1
χ∼ )))0

1
χ∼(m) + ±

1
χ∼(m(2

1) = ν∼,l~(m) < 10 GeV, 0
1
χ∼(m(110-340 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 massl~ ) = 0)0
1
χ∼(m(85-195 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 mass2t
~

) + 180 GeV)0
1
χ∼(m) = 1t

~(m(520 GeV , 8 TeV [ATLAS-CONF-2013-025]-1=20.7 fbL

 masst~ ) > 150 GeV)0
1
χ∼(m(500 GeV , 8 TeV [ATLAS-CONF-2013-025]-1=20.7 fbL

 masst~ ) = 0)0
1
χ∼(m(320-660 GeV , 8 TeV [ATLAS-CONF-2013-024]-1=20.5 fbL

 masst~ ) = 0)0
1
χ∼(m(200-610 GeV , 8 TeV [ATLAS-CONF-2013-037]-1=20.7 fbL

 masst~ ) = 10 GeV)±

1
χ∼(m)-t~(m) = 0 GeV, 0

1
χ∼(m(160-440 GeV , 8 TeV [ATLAS-CONF-2012-167]-1=13.0 fbL

 masst~ ) = 150 GeV)±

1
χ∼(m) = 0 GeV, 0

1
χ∼(m(160-410 GeV , 8 TeV [ATLAS-CONF-2013-037]-1=20.7 fbL

 masst~ ) = 55 GeV)0
1
χ∼(m(167 GeV , 7 TeV [1208.4305, 1209.2102]-1=4.7 fbL

 massb~ ))0
1
χ∼(m) = 2 ±

1
χ∼(m(430 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massb~ ) < 120 GeV)0
1
χ∼(m(620 GeV , 8 TeV [ATLAS-CONF-2012-165]-1=12.8 fbL

 massg~ ) < 200 GeV)0
1
χ∼(m(1.15 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 massg~ ) < 300 GeV)0
1
χ∼(m(1.00 TeV , 8 TeV [ATLAS-CONF-2012-103]-1=5.8 fbL

 massg~ ))0
1
χ∼(m(any 900 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massg~ ) < 200 GeV)0
1
χ∼(m(1.24 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 scale1/2F  eV)-4) > 10G~(m(645 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

 massg~ ) > 200 GeV)H~(m(690 GeV , 8 TeV [ATLAS-CONF-2012-152]-1=5.8 fbL

 massg~ ) > 220 GeV)0
1
χ∼(m(900 GeV , 7 TeV [1211.1167]-1=4.8 fbL

 massg~619 GeV , 7 TeV [ATLAS-CONF-2012-144]-1=4.8 fbL

 massg~ ) > 50 GeV)0
1
χ∼(m(1.07 TeV , 7 TeV [1209.0753]-1=4.8 fbL

 massg~  > 18)β(tan1.40 TeV , 8 TeV [1210.1314]-1=20.7 fbL

 massg~  < 15)β(tan1.24 TeV , 7 TeV [1208.4688]-1=4.7 fbL

 massg~ ))g~(m)+0
χ∼(m(2

1) = ±χ∼(m) < 200 GeV, 0
1
χ∼(m(900 GeV , 7 TeV [1208.4688]-1=4.7 fbL

 massq~ )0
1
χ∼) < 2 TeV, light g~(m(1.38 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ )0
1
χ∼) < 2 TeV, light q~(m(1.18 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

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

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

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

-1 = (4.4 - 20.7) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

7 TeV, all 2011 data

8 TeV, partial 2012 data

8 TeV, all 2012 data

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 26, 2013)

Implications of early LHC Results



• CMS limits

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

– However there must be new physics !!!  WHY?  Let me list the reasons

Estia Eichten                                             TLEP 2013 @ Fermilab                                         July 25, 2013                    

Fermilab

9

q* (qg), dijet
q* (qW)
q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, Λ = 2 TeV
μ*, Λ = 2 TeV

0 1 2 3 4 5 6
Z’SSM (ee, µµ)

Z’SSM (ττ)
Z’ (tt hadronic) width=1.2%

Z’ (dijet)
Z’ (tt lep+jet) width=1.2%

Z’SSM (ll) fbb=0.2
G (dijet)

G (ttbar hadronic)
G (jet+MET) k/M = 0.2

G (γγ) k/M = 0.1
G (Z(ll)Z(qq)) k/M = 0.1

W’ (lν)
W’ (dijet)

W’ (td)
W’→ WZ(leptonic)

WR’ (tb)
WR, MNR=MWR/2

WKK μ = 10 TeV
ρTC, πTC > 700 GeV

String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qqbar)

gluino, 3jet, RPV
0 1 2 3 4 5 6
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1. 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 

2. Experimental hints of new physics:  (g-2)µ, top Afb, ...

3. Theoretical problems with the SM:

– Scalar sector problematic:                                                                               
μ2 (Φ✝Φ) + λ (Φ✝Φ)2  + ΓijψiL✝ψjRΦ + h.c.

– The SM Higgs boson is unnatural.  (mH2/µ2)
– Solutions: SUSY,  New Strong Dynamics, ...

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 

Hierarchy problem
vacuum 
stability

large range of
fermion masses

Implications of early LHC Results
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• 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 a third way required after the discovery of a Higgs boson?

11

G. ‘t Hooft in Proceedings of 
 Recent Developments in Gauge Theories, 
Cargese, France (1980) 
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• Higgs coupling proportional to mass

12

What Happened to Naturalness?
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• A Third Way 

– The standard model is natural?
• Bardeen - Fermilab/CONF-95-391-T (1995); “Aspects of the Dynamical Breaking of Scale 

Symmetries”,  Myron Bander Symposium (6/2013)

– At a classical level the SM is conformally invariant except for the quadratic term in 
the scalar potential.  (Ignoring gravity)

– Scale current:                              divergence:

• QCD   Classically 

• Scale Anomaly - Quantum corrections:

– Imagine the limit of the SM in which the scalar potential vanishes with v fixed.

– In that theory the EW symmetry is broken and the W/Z and all the fermions get mass 
just like normal,  BUT the Higgs boson remains massless.

– If there is a dynamical symmetry breaking for a flat potential then the Higgs boson 
would be the Goldstone boson of scale symmetry breaking.
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• Renormalization Group 

– For SM the quartic coupling runs with scale:                    

– Only the top Yukawa coupling is important:  FD=FL = 0, FU ≣ y

– Simplify by ignoring the gauge couplings (g1, g2) as well:

– Adding the gauge couplings not enough to change the sign.

– Need to add additional boson loops -> new coupled scalars
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†q + h.c+m2�†�+

�

2
(�†�)2

�
(1)

(2)

d �

d lnµ
=

1

16⇡2

✓
12�2 � (

9

5
g21 + 9g22)�+ (

27

100
g41 +

9

10
g21g

2
2 +

9

4
g42)

+ 12Tr[FU
†FU + FD

†FD + 1/3FL
†FL]�� 12Tr[(FU

†FU)2 + (FD
†FD)2 + 1/3(FL

†FL)
2]
⌘

(4)

d �

d lnµ
=

12

16⇡2

�
�2 + y2�� y4

�

1

< 0  

( ƛ~1/4 and y~1) 

What Happened to Naturalness?



Estia Eichten                                             TLEP 2013 @ Fermilab                                         July 25, 2013                    

Fermilab What Happened to Naturalness?

• Numerics

– v = 173 GeV,  % % ƛ = m2h/(2v2) ~1/4

– The loop corrections:  A = 6(m/v)4W + 3(m/v)4Z - 12 (m/v)4top +... only provide 13% of the 
required  ƛ.

–  If want the whole mass come from loop corrections must add a large positive 
contribution.  New bosons.
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• Natural SUSY

• Hidden SUSY

• Non-universal Higgs Masses (NUHM2) mSugra / cMSSM

• Non-universal Gaugino Masses (NUGM)

• Light Sleptons with stau NLSP (pMSSM)

• Kallosh-Linde or G2MSSM

• Buchmller-Brmmer

• Normal Mass Hierarchy:

2
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• Can get EWSB in a scale invariant theory:

– Must ignore quadratic divergences - related to preserving scale invariance?
• Bardeen - Fermilab/CONF-95-391-T (1995); “Aspects of the Dynamical Breaking of Scale 

Symmetries”,  Myron Bander Symposium (6/2013)

– Effective potential  (m=0),  define  v = |ɸ|

16

Brief Article

The Author

July 23, 2013

�Lint =

⇢
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• An example of how this could work:   T. Hambye and A. Strumia [arXiv:1306.2329] 

– Add new scalars S: A complex double under a hidden SU(2)X but a singlet under        
the SM.

– The hidden sector provides dark matter candidates.

– Scalar potential: 

– Running of ƛS :

17

3. We assume that DM stability is one more automatic consequence of the theory.

The resulting model is presented in section 2 and its phenomenology is explored in section 3.
In section 4 we conclude.

2 The model

One simple model is obtained by merging previously proposed ideas that possess some of
the properties 1,2,3: ref. [4, 5] for dynamical generation of the weak scale (see also [6] for
related ideas), and ref. [7, 8] for automatic (accidental) DM stability.

The model has gauge group U(1)Y ⌦ SU(2)L ⌦ SU(3)c ⌦ SU(2)X , namely the SM gauge
group with an extra SU(2)X . The field content is just given by the SM fields (singlets under
SU(2)X) plus a scalar S, doublet under the extra SU(2)X and neutral under the SM gauge
group. The Lagrangian of the model is just the most general one, omitting the mass terms for
the SM scalar doublet H (“Higgs” for short) and for the scalar doublet S, because we want
to dynamically generate the weak and DM scales. Consequently, the scalar potential of the
theory is:

V = �H |H|4 � �HS|HS|2 + �S|S|4. (1)

We now show how it can lead to dynamical symmetry breaking down to U(1)
em

⌦SU(3)c such
that, in unitary gauge, the scalar doublets H and S can be expanded in components h and s

as

H(x) =
1p
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0

v + h(x)

!
, S(x) =

1p
2

 
0

w + s(x)

!
, (2)

where v ⇡ 246GeV is the usual Higgs vacuum expectation value (vev), and w is the vev that
completely breaks SU(2)X giving equal masses MX = gXw/2 to all SU(2)X vectors. Symmetry
breaking happens when [9]

4�H�S � �2

HS < 0, (3)

a condition that can be dynamically verified at low energy because quantum corrections make
�S smaller at low energy, as described by the beta function

��S ⌘ d�S

d lnµ
=

1

(4⇡)2


9g4X
8

� 9g2X�S + 2�2

HS + 24�2

S

�
. (4)

Unlike in the � function of �H , there is no negative Yukawa contribution: ��S is definite
positive and the gauge term makes �S negative at low energy. Thereby the dynamically
generated hierarchy between v ⇠ w and the Planck scale is exponentially large, of order
e�S/��S .

While the analysis of the full one-loop potential is somehow involved, a simple analytic
approximation holds in the limit of small �HS (which will be phenomenologically justified a
posteriori). In this limit the instability condition of eq. (3) can be approximated as �S < 0
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Figure 2: Running of the model parameters up to the Planck scale for gX = 1.

proximity of the QCD scale to the electroweak scale as due to a proximity between the strong
gauge coupling g

3

and the dark gauge coupling gX . Indeed, g
3

and gX happen to have not
only similar values at the weak scale, but also a numerically similar � function, such that all
gauge coupling roughly reach a common value at large energies. At low energy gX becomes
large, of order one, triggering a negative �S and consequently dynamically generating the
DM scale and the weak scale.

Dark/electroweak phase transition

The mechanism of dynamical scale generation implies a negative value of the cosmological
constant (barring meta-stable minima). The contribution of the present model is V

min

'
�w4��S/16. Despite being suppressed by a one-loop factor, this contribution is larger by about
60 orders of magnitude than the observed value. Assuming that the cosmological constant
problem is solved by a fine-tuning, we can proceed to study how the dark and electroweak
phase transitions occur during the big-bang.

We recall that the SM predicts a second-order phase transition where the Higgs boson
starts to obtain a vacuum expectation value v(T ) at temperatures below T SM

c ⇡ 170GeV and
sphalerons decouple when T SM

dec

⇡ v(T SM

dec

) ⇡ 140GeV [22].
Within the present model, using again the small �HS approximation, the one-loop thermal

correction to the potential is

VT (s, h ⇡ 0) =
9T 4

2⇡2

f(
MX

T
) +

T

4⇡
[M3

X � (M2

X + ⇧X)
3/2] (19)
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– EWSB occurs dynamically.

– Conditions needed are easily satisfied because no fermions in X sector.  Exponential 
ratio of scales like Λqcd/ Λplanck.

– Constraints on viable models:

• Many others working on related ideas - a third way: S. Iso [arXiv:1304.0293]; G. Wouda 

[arXiv:1306.6855], W. Bardeen, C.T. Hill, EE (in progress),  ....   
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3. We assume that DM stability is one more automatic consequence of the theory.

The resulting model is presented in section 2 and its phenomenology is explored in section 3.
In section 4 we conclude.
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to dynamically generate the weak and DM scales. Consequently, the scalar potential of the
theory is:

V = �H |H|4 � �HS|HS|2 + �S|S|4. (1)

We now show how it can lead to dynamical symmetry breaking down to U(1)
em

⌦SU(3)c such
that, in unitary gauge, the scalar doublets H and S can be expanded in components h and s

as

H(x) =
1p
2

 
0

v + h(x)

!
, S(x) =

1p
2

 
0

w + s(x)

!
, (2)

where v ⇡ 246GeV is the usual Higgs vacuum expectation value (vev), and w is the vev that
completely breaks SU(2)X giving equal masses MX = gXw/2 to all SU(2)X vectors. Symmetry
breaking happens when [9]

4�H�S � �2

HS < 0, (3)

a condition that can be dynamically verified at low energy because quantum corrections make
�S smaller at low energy, as described by the beta function

��S ⌘ d�S

d lnµ
=

1

(4⇡)2


9g4X
8

� 9g2X�S + 2�2

HS + 24�2

S

�
. (4)

Unlike in the � function of �H , there is no negative Yukawa contribution: ��S is definite
positive and the gauge term makes �S negative at low energy. Thereby the dynamically
generated hierarchy between v ⇠ w and the Planck scale is exponentially large, of order
e�S/��S .

While the analysis of the full one-loop potential is somehow involved, a simple analytic
approximation holds in the limit of small �HS (which will be phenomenologically justified a
posteriori). In this limit the instability condition of eq. (3) can be approximated as �S < 0

2
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Figure 1: Predicted cross sections for the extra scalar boson (left) and for DM direct detection

(right) as function of the only free parameter of the model �HS, varied as shown in the colour

legend.

The extra state h
2

behaves as an extra Higgs boson with couplings rescaled by sin↵. This
means that it is a narrow resonance even if heavier than 1 TeV. For m

2

< 2m
1

the extra scalar
behaves as a Higgs-like state with production cross section suppressed by sin2 ↵, while for
m

2

> 2m
1

the extra state also has a decay width into two Higgs,

�(h
2

! h
1

h
1

) =
�2

HS

32⇡

w2

m2

2

q
m2

2

� 4m2

1

, (15)

which contributes to up 20% to its total width, dominated by h
2

! WW,ZZ, tt̄. The shaded
regions in fig. 1a are excluded by LEP (at small mass) and LHC (at large mass, h ! WW

searches are plotted as dashed curves and h ! ZZ searches as dot-dashed curves). Future
sensitivities are discussed in [20]. Present experimental searches for h ! ZZ and for h ! ��

show some (non statistically significant) hint for an extra state at m
2

⇡ 143GeV [1].
The cross section for DM production at LHC (mediated by off-shell h

1

or h
2

) can easily be
negligibly small.

Direct Dark Matter signals

The Spin-Independent cross section for DM direct detection is [7]

�
SI

=
m4

Nf
2

16⇡v2

✓
1

m2

1

� 1

m2

2

◆
2

g2X sin2 2↵ (16)

where f ⇡ 0.295 is the nucleon matrix element and mN is the nucleon mass. Fig. 1b shows
the predictions for DM direct searches. Present direct detection constraints imply the bounds

5

What Happened to Naturalness?
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• Measurements for a Higgs factory 

– partial decay widths into WW* and ZZ*:

• Establishes whether the Higgs is the sole agent of EWSB.

• If additional contributors to EWSB are all SUL(2) doublets then Γ/ΓSM <  1

• The relative couplings of the Higgs to WW and ZZ is fixed by EW symmetry.  

– mass, total width and self coupling  λ:

•  < Φ✝Φ > = v2/2 = mh2 /2λ   [v = (GF√2)-½ ≈ 247 GeV]

• look for invisible decays associated with BSM particles

– Branching fractions into fermions: 
• Establishes whether the Higgs is the sole agent of fermion masses.  

• N.B. The original technicolor model provided for EWSB but not fermion masses. 

• Measure coupling to (top, bottom, tau)  3rd gen. and (charm, muon) 2nd gen.  (2HDM)

– Branching fractions into gauge bosons (ZƔ, gg, ƔƔ)
• Sensitive to BSM particles contributing in loops. 

19

What to measure and how well ?
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• Comparison of Higgs factories:  (Jianming Qian)                                               
(Higgs working group report for CSS 2013)

20

Jianming Qian (University of Michigan) 27 

Coupling Comparison  
ILC projections are from Tim Barklow. The rest is mostly taken from the presentation by  
Patrick Janot at the BNL workshop. The LHC numbers are per experiment (unless noted)  
of CMS projections of two scenarios of systematics assumptions.  
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Handbook of LHC Higgs cross sections: 3. Higgs properties  [arXiv:1307.1347]
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Table 1: SM Higgs partial widths and their relative parametric (PU) and theoretical (THU) uncertainties for a
selection of Higgs masses. For PU, all the single contributions are shown. For these four columns, the upper
percentage value (with its sign) refers to the positive variation of the parameter, while the lower one refers to the
negative variation of the parameter.

Channel MH [GeV] Γ [MeV] ∆αs ∆mb ∆mc ∆mt THU
122 2.30 −2.3%

+2.3%
+3.2%
−3.2%

+0.0%
−0.0%

+0.0%
−0.0%

+2.0%
−2.0%

H → bb 126 2.36 −2.3%
+2.3%

+3.3%
−3.2%

+0.0%
−0.0%

+0.0%
−0.0%

+2.0%
−2.0%

130 2.42 −2.4%
+2.3%

+3.2%
−3.2%

+0.0%
−0.0%

+0.0%
−0.0%

+2.0%
−2.0%

122 2.51·10−1 +0.0%
+0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.1%

+2.0%
−2.0%

H → τ+τ− 126 2.59·10−1 +0.0%
+0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.1%
−0.1%

+2.0%
−2.0%

130 2.67·10−1 +0.0%
+0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.1%
−0.1%

+2.0%
−2.0%

122 8.71·10−4 +0.0%
+0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.1%
−0.1%

+2.0%
−2.0%

H → µ+µ− 126 8.99·10−4 +0.0%
+0.0%

+0.0%
−0.0%

−0.1%
−0.0%

+0.0%
−0.1%

+2.0%
−2.0%

130 9.27·10−4 +0.1%
+0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.1%
−0.0%

+2.0%
−2.0%

122 1.16·10−1 −7.1%
+7.0%

−0.1%
−0.1%

+6.2%
−6.0%

+0.0%
−0.1%

+2.0%
−2.0%

H → cc 126 1.19·10−1 −7.1%
+7.0%

−0.1%
−0.1%

+6.2%
−6.1%

+0.0%
−0.1%

+2.0%
−2.0%

130 1.22·10−1 −7.1%
+7.0%

−0.1%
−0.1%

+6.3%
−6.0%

+0.1%
−0.1%

+2.0%
−2.0%

122 3.25·10−1 +4.2%
−4.1%

−0.1%
−0.1%

+0.0%
−0.0%

−0.2%
+0.2%

+3.0%
−3.0%

H → gg 126 3.57·10−1 +4.2%
−4.1%

−0.1%
−0.1%

+0.0%
−0.0%

−0.2%
+0.2%

+3.0%
−3.0%

130 3.91·10−1 +4.2%
−4.1%

−0.1%
−0.2%

+0.0%
−0.0%

−0.2%
+0.2%

+3.0%
−3.0%

122 8.37·10−3 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+1.0%
−1.0%

H → γγ 126 9.59·10−3 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+1.0%
−1.0%

130 1.10·10−2 +0.1%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+1.0%
−1.0%

122 4.74·10−3 +0.0%
−0.1%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.1%

+5.0%
−5.0%

H → Zγ 126 6.84·10−3 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.1%

+0.0%
−0.1%

+5.0%
−5.0%

130 9.55·10−3 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+5.0%
−5.0%

122 6.25·10−1 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

H → WW 126 9.73·10−1 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

130 1.49 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

122 7.30·10−2 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

H → ZZ 126 1.22·10−1 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

130 1.95·10−1 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

proximation which relies on factorizing the Higgs decays into a decay to vector bosons H →WW/ZZ,
where the vector bosons have definite momenta, and successive vector-boson decays W/Z → 2f . In
contrast, they are included in PROPHECY4F which is based on the full H → 4f matrix elements includ-
ing all interferences between different Feynman diagrams. To anticipate the results of this section, NLO
corrections become important at the level of 5% accuracy, while the (LO) interference effects can distort
distributions by more than 10%.

To be specific, we exemplarily analyze the following differential distributions for a Higgs decay
with four charged leptons in the final state, for which the Higgs-boson rest frame is assumed to be
reconstructed:

– In the Higgs-boson rest frame, we investigate cos θf−f− , where θf−f− is the angle between the two
negatively charged leptons. This angle is unambiguously defined in any of the final states H→ 4e,
H→ 4µ, and H→ 2µ2e so that interference effects can be easily studied.

7

TLEP  (2xΔg)

0.44%

0.8%

14%

0.5%

1.4%

2.8%

0.5%

0.44%

Theory needs improvement:
(a) 𝛂s -> lattice
(b) mb, mc -> lattice
(c) THU -> pQCD



• Two Higgs doublets (MSSM):
– Five scalar particles: h0, H0, A0, H±    

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

– decoupling limit  mA0  >> mZ0 : 

» 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.  
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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
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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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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.

- Pair produced with easy at a multi-TeV lepton collider.

23

Beyond the Standard Model



• If the LHC discovers an enlarged scalar section (as in SUSY), then there is a 
special role for muon colliders.  

– Can be produced in the s-channel.

– Good energy resolution is needed for H0 and A0 studies:
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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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•  LHC bounds on the H/A (H+) 

– Present bounds: 300 GeV (tan β = 10); 600 GeV (tan β = 40)

– LHC 14 TeV with 150 fb-1: 900 GeV (tan β = 10); 1.5 TeV (tan β = 40)

• Viable SUSY models with present LHC limits favor:

– heavy  H/A ->  
• nearly degenerate masses 

• alignment limit -> small couplings to WW and ZZ

– few sparticles below 500 GeV 
• -> narrow widths (10’s of GeV’s)

– Some ILC Benchmark examples:
• light-slepton NLSP model (TDR4)

• hidden supersymmetry (HS)

• natural supersymmetry (NS)

• non-universal Higgs mass (NUHM)

• High Energy Muon Collider can study H/A as                                
s-channel resonances
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• LHC limits on SUSY sparticles in various cMSSM scenerios:

– Gluino and light squark masses limits ~ 1 TeV

– Stop (3rd generation) ~ 600 GeV (except very near top mass)

– The full study of SUSY will require a multiTev lepton collider or a VLHC.
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Fermilab Supersymmetry

• cMSSM - simple model with only 5 parameters (m0, m1/2, tanβ, A/m0, sign(µ))  
severely constrained

• As mass scales increase (µ2 increases) more fine tuning

• The noose is tightening due to the non observation of SUSY partners, the 126 
GeV Higgs mass, B decays, cosmology, ...

• Theory response - more alternative models to cMSSM:
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• Natural SUSY

• Hidden SUSY

• Non-universal Higgs Masses (NUHM2) mSugra / cMSSM

• Non-universal Gaugino Masses (NUGM)

• Light Sleptons with stau NLSP (pMSSM)

• Kallosh-Linde or G2MSSM

• Buchmller-Brmmer

• Normal Mass Hierarchy:

2

Studies for CSS 2013
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• pMSSM  - minimal assumptions on SUSY breaking parameters

– 19 parameters varied

– stop mixing parameter Xt = At - µcotβ;     Ms = √mtr～ mtl~

– Consistence requires: MA >> Mh ; ;  tan β > 10; MS large; maximal mixing  ~ √6 MS

• Sleptons, charginos and neutralinos still remain easily assessible at a multi-TeV 
lepton collider.  But most remaining models do not have many supersymmetry 
partners below 500 GeV.  This makes the measurements at a Higgs factory 
essential.

28

[A. Atbey, et. al.: arXiV:1112.3028]
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• Present constraints still allow a wide range of variation from the SM Higgs 
couplings in pMSSM models.   [M. Battaglia, INFN, ILC workshop, Cernobbio, May 2013]

– What will be the expected range after 300 fb-1 at 14 TeV at the LHC?

– How well can you extract detailed information about the SUSY model from any deviation in Higgs 
couplings?  The inverse problem for Higgs decays

29

Some Requirements on Accuracy 

Parametric Uncertainties on SM Higgs BRs 

Sensitivity to Extended Models: ΔBR/BR vs MA 

bb cc bb WW 

Parameter Value BR(H bb) BR(H  cc) BR(H  ττ) 

mb (pole) 4.78 ± 0.06 0.012 0.019 0.018 

αs(MZ) 0.1184 ± 0.0007 0.004 0.020 0.004 

mtop  173 ± 1.0 0.0001 0.0001 0.0001 

Total 0.013 0.030 0.020 
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• A Higgs factory provides a window on possible BSM physics:
– All BSM scenarios adds new particles -- in particular new spin zero bosons. 
– Expect deviations from SM properties of the 126 GeV Higgs boson.
– Any future Higgs factory must be viable in an era when  HL-LHC results are 

known.  The LHC will provide significant constraints on properties of the Higgs 
boson (and possibly new discoveries).

– TLEP has the largest Higgs Boson statistics and therefore the smallest errors 
on branching fractions and invisible width.

• Issues to address for TLEP Higgs factory:
– How much can theoretical uncertainties on the SM Higgs width and branching 

fractions be reduced?
– How high a luminosity can TLEP deliver at 250 GeV and ~2mtop threshold?

• TLEP provides a platform for a future ~ 100 TeV  hadron collider.

30
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BACKUP SLIDES
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Fermilab Which Accelerator for Higgs Physics?
1. The LHC is the Higgs Accelerator - Continue  -> HL-LHC

2. Continue research and development of lepton colliders.  In particular the 
muon collider needs a convincing proof of 6D cooling.

3. Push neutrino physics - Lepton sector 

4. After  300 fb-1 of ~14 TeV running OR the discovery of BSM physics, chose 
the next accelerator for Higgs physics.
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New physics 
below √s = 1 TeV ?

YES

NOe+e- linear collider 
extendable to √s =  1 
TeV

e+e- circular collider in large tunnel -->
hadron collider with √s ≥ 100 TeV

muon higgs factory -->
 muon collider with √s ≥ 3 TeV

Is a Muon Collider 
Feasible?

NO

YES


