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April 1st:       Newton’s dream & 20th Century Revolution 

April 8th:      Mission Barely Possible: QM + SR 

April 15th:    The Standard Model  

April 22nd:   Importance of the Higgs 

April 29th:    Guest Lecture 

May 6th:       The Cannon and the Camera  

May 13th:     The Discovery of the Higgs Boson 

May 20th:     Problems with the Standard Model 

May 27th:     Memorial Day: No Lecture 

June 3rd:      Going beyond the Higgs: What comes next ?
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Reminder: Last Week

We observe:

Current theory accounts for huge difference w/implausible cancellation 
Need modifications QM or Space-time to avoid fine tuning

1017 1044

Planck scale ~ weak scale ~ Hubble scale
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Reminder: Last Week

We observe:

Current theory accounts for huge difference w/implausible cancellation 
Need modifications QM or Space-time to avoid fine tuning
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Planck scale ~ weak scale ~ Hubble scale

Problems associated to each fundamental scale. 

Planck Scale:    
    What replaces spacetime ?  (“Quantum Gravity”) 

Weak Scale: 
     Why is Gravity so weak ?  (“Hierarchy Problem”) 

Hubble Scale: 
      Why is the universe so big ? (“Cosmological Constant Problem”)



Going beyond the Higgs Discovery: 
   What comes next ? 

Today’s Lecture
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Standard Model (After Higgs Discovery)

Focus: Problem associated w/weak scale
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weak scalePlanck scale

Most tractable now: 
  - Currently directly probing this scale with the LHC 
  - Understand the physics at this scale incredibly well 
         Working theory thats been verified experimentally
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h h

Top

~ Λ²  ⇒  mH ⇠ 1020 GeV

Reminder: Vacuum fluctuations of Higgs mass (mH²)

Very different type problem than we discussed before: 
“Naturalness” Problem:   
     - Theory is fully logically consistent 
     - Need bizarre (un-natural) choice of input parameters 

 Un-like situation before Higgs where theory broke down 
    P(ωω→ωω) > 1  / Inconsistent mass description



What scale do we need Modification?
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h h

new  particle mX ~ 1000 GeV
X

Can avoid need for fine tuning only if Λ ~ weak-scale.

10�3 GeV�1

(10�19 m)

Need changes to stop vacuum 
  fluctuations below: 

~ Λ² mH²Classical ~ (weak-scale)²

mH²     = +

(Pencil metaphor: analogous to the pencil glue/string)



Naturalness Problems in History
Same type of problems have occurred before in history of physics 
Same types of arguments for scale of new physics worked   
   Example: Energy stored in the electric field around electron
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e�

E ⇠ ↵

r
⇠ ↵

⇤r
electric field

Energy of electron at rest: ~ me

Introduce cut off 

Need Λ ≥ α/E to avoid fine tuning

Naively seems infinite



Naturalness Problems in History
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e�
e+

e�

Solution was Anti-particles : 
    - Direct result of extension of Space-time (adding QM) 
    - Doubled the number of particles in the theory

Exactly what happens !  

At scale Λ~1/me start seeing  
  particle-anti-particle cloud 

Same type of problems have occurred before in history of physics 
Same types of arguments for scale of new physics worked   
   Example: Energy stored in the electric field around electron Naturalness requires new physics kick in Λ ≥ α/me 

 Picture of point like electron must break down at this scale



“Compositeness”  Higgs made of smaller particles  
   Weak scale not fundamental / Similar to size of the proton 
   New underlying physics responsible for Higgs/Higgs potential 
    ⇒ New forces / New matter  

Extra dimensions  
    Planck scale is really at the weak scale 
    Gravity appears weak b/c gravitons can propagate in extra dim. 

Supersymmetry  
    Vacuum corrections suppressed below weak scale

Potential Solutions

11

Go through example of how works in detail  
Has been a favorite within the field
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Planck scale ~ weak scale

 ⇒vacuum 
fluctuations vs



electron

Modification of Space-time

Super Symmetry
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Our familiar 4D Space-time

Extra Quantum  
 Dimension

“Super”  
  electron

Measured in normal numbers 
        x × y = y × x

Distance measured in  
 “quantum” numbers: 
       x × y = - y × x 
  ⇒       x² = 0 
  Can only take one step 

Doubles number of particles: 
  - Standard Model particles 
  - Super-partners w/step in extra dimension

All regular rules of QFT apply / Symmetry relating particles/Super particles



All regular rules of QFT apply / Symmetry relating particles/Super particles

electron

Modification of Space-time

Super Symmetry
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Our familiar 4D Space-time

Extra Quantum  
 Dimension

“Super”  
  electron

Measured in normal numbers 
        x × y = y × x

Distance measured in  
 “quantum” numbers: 
       x × y = - y × x 
  ⇒       x² = 0 
  Can only take one step 

Doubles number of particles: 
  - Standard Model particles 
  - Super-partners w/step in extra dimension

- Havent seen super-partners 
- Could be another example of long-distance illusion: 
      eg: difference between forces 
- Idea: going to short enough distances start seeing symmetry 
- To avoid fine-tuning needs to happen around weak scale



How Does This Help ?
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mH²Classical

 ~(weak-scale)²

mH²  = 

h h

Super-particle
+

+ h h

SM particle

+ …

 ~(weak-scale)²



Super Symmetry at the LHC
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Super-top

proton proton

Super-top

Quantum Dimension
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Figure 2: Diagrams of t̃1 and b̃1 pair production and decays considered as simplified models: (a) b̃1b̃1 ! b�̃0
1b�̃0

1; (b)
t̃1 t̃1 ! t�̃0

1t�̃0
1; (c) three-body decay; (d) four-body decay; (e) t̃1 t̃1 ! c�̃0

1c�̃0
1; (f) t̃1 t̃1 ! b�̃±1 b�̃±1 ; (g) b̃1b̃1 ! t�̃±1 t�̃±1 ;

(h) b̃1b̃1 ! b�̃0
2b�̃0

2. The diagrams do not show “mixed” decays, in which the two pair-produced third-generation
squarks decay to di↵erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass
and on the �̃0

1 mass. Figure 1b shows the three main regions in the mt̃1
–m�̃0

1
plane that are taken into ac-

count. They are identified by di↵erent values of �m
⇣

t̃1, �̃
0
1

⌘

= mt̃1
-m�̃0

1
. In the region where �m

⇣

t̃1, �̃
0
1

⌘

>

mt, the favoured decay is t̃1 ! t�̃0
1 (Figure 2b). The region where mW + mb < �m

⇣

t̃1, �̃
0
1

⌘

< mt is char-
acterised by the three-body decay3 (t̃1 ! Wb�̃0

1 through an o↵-shell top quark, Figure 2c). The region
where the value of �m

⇣

t̃1, �̃
0
1

⌘

drops below mW + mb, sees the four-body decay t̃1 ! b f f 0�̃0
1, (where f

and f 0 indicate generic fermions coming from the decay of an o↵-shell W boson, Figure 2d) competing
with the flavour-changing decay4 t̃1 ! c�̃0

1 of Figure 2e; the dominant decay depends on the details of
the supersymmetric model chosen [50].

If the third-generation squark decay involves more SUSY particles (other than the �̃0
1), then additional

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±1 ) is the next-to-lightest
supersymmetric particle (NLSP), then the stop tends to have a significant branching ratio for t̃1 ! b�̃±1
(Figure 2f), or, for the sbottom, b̃1 ! t�̃±1 if kinematically allowed (Figure 2g). The presence of additional
particles in the decay chain makes the phenomenology depend on their masses. Several possible scen-
arios have been considered, the most common ones being the gauge-universality inspired m�̃±1 = 2m�̃0

1
,

favoured, for example, in mSUGRA/CMSSM models [51–56]; other interpretations include the case of a
chargino almost degenerate with the neutralino, a chargino almost degenerate with the squark, or a char-
gino of fixed mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0

2 ! bh�̃0
1

(Figure 2h), which occurs in scenarios with a large higgsino component of the two lightest neutralinos.

3 In scenarios that depart from the minimal flavour violation assumption, flavour-changing decays like t̃1 ! c�̃0
1 or t̃1 ! u�̃0

1

could have a significant branching ratio up to �m
⇣

t̃1, �̃
0
1

⌘

⇠ 100 GeV [48].
4 The decay t̃1 ! u�̃0

1, in the assumption of minimal flavour violation [49], is further suppressed with respect to t̃1 ! c�̃0
1 by

corresponding factors of the CKM matrix.
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Δm ≡ mstop - mχ0

Δm < 0

ttbar + MeT search

(m
W
 +

 m
b) 

< Δ
m <

 m
top

Δm
 <

 (m
W
 +

 m
b)

“Super-photon” 
   - Massive  
   - Stable 
   - Weakly interacting

Perfect candidate for Dark Matter



Interaction Strengths
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γ
e

e

α = 1/137

Z
e

e

αWeak = 1/50

gluonq

q

αStrong = 1/10

 Did not have to happen! 
  - Not put in by hand  
  - Could be coincidence  
  - Seems like strong sign we are the right track 
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Searching For Solutions at the LHC



3

Higgs as Window to New Physics

Potential Energy 
  of Higgs Field

Higgs boson directly related to all potential solutions 
   Problem fundamentally related to Higgs field  
   Higgs Boson is the harbinger of the Higgs field (how we study it)

Compositeness:  
  - Deeper origin for shape of potential  
      (probe experimentally with hh events) 

    

Extra Dimensions:
h

h

Excited Graviton

h h
new particle(s)

SuperSymmetry:

Go through examples of  each of these 
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Reconstructed the event from the observed b-jets 
  - Work backward from 4b → 2h → G 
  - Study the “reconstructed” graviton mass

Enhanced Higgs Production

Event Selection:Signal:

h

h

Graviton (mG)

b

b

b

b



Reconstructed the event from the observed b-jets 
  - Work backward from 4b → 2h → G 
  - Study the “reconstructed” graviton mass

Enhanced Higgs Production
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Event Selection:Signal:

h

h

Graviton (mG)

b

b

b

b

DRAFT

Table 3: The number of predicted background events in the signal region for the resolved analysis compared to the
data, for the 2015 and 2016 datasets. The yields for two potential signals, SM non-resonant Higgs pair production
and an 800 GeV G⇤

KK resonance with k/M̄Pl = 1 are shown. The quoted errors include both the statistical and
systematic uncertainties.

Sample 2015 Signal Region 2016 Signal Region

Multijet 1 131± 68 3 670± 200
tt̄ 57± 34 190± 110

Total 1 189± 76 3 860± 230

Data 1 231 3 990

SM hh 0.47 ± 0.12 1.5 ± 0.4
G⇤

KK (800 GeV), k/M̄Pl = 1 8± 3 24 ± 8

Figure 5 shows comparisons of the predicted m4j background distributions to that observed in the 2015 and337

2016 datasets. The predicted background and observed distributions are in agreement, with no significant338

local excess.339
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Figure 5: Distributions of m4j in the signal region of the resolved analysis for (a) 2015 data and (b) 2016 data,
compared to the predicted backgrounds. The hatched bands shown in the data/background ratio in the bottom panels
represent the combined statistical and systematic uncertainties in the total background estimates. The expected
signal distributions for SM non-resonant hh production and G⇤

KK resonances with masses of 300 and 800 GeV are
also shown.

1st August 2016 – 13:47 14
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h h

new physics

Expect contributions from new physics to correct higgs mass:

If new physics interacts with the 
    electro-magnetic:

Modifies rate a which higgs bosons  
   are produced at LHC

h

γ

γ

strong force:

Modifies rate a which higgs bosons  
   decay to photons.

Modified Higgs Couplings



Expect contributions from new physics to correct higgs mass:

h

g

g
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If new physics interacts with the 
    electro-magnetic:

Modifies rate a which higgs bosons  
   are produced at LHC

Modifies rate a which higgs bosons  
   decay to photons.

Modified Higgs Couplings

new physics

strong force:

or

h h

h

γ

γ
γκ

0.6 0.8 1 1.2 1.4 1.6

g
κ

0.6

0.8

1

1.2

1.4

1.6 Run 1 LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS

68% CL 95% CL Best fit SM expected

Figure 17: Negative log-likelihood contours at 68% and 95% CL in the (�, g) plane for the combination of ATLAS
and CMS and for each experiment separately, as obtained from the fit to the parameterisation constraining all the
other coupling modifiers to their SM values and assuming BBSM = 0.

coupling modifiers decrease, such that the values of �i(~) · Bf remain consistent with the observed signal
yields. The p-value of the compatibility between the data and the SM predictions is 74%.

A di↵erent view of the relation between the fitted coupling modifiers and the SM predictions is presented
in Fig. 19. New parameters are derived from the coupling modifiers, to make explicit the dependence
on the particle masses: linear for the Yukawa couplings to the fermions and quadratic for the gauge
couplings of the Higgs boson to the weak vector bosons. These new parameters are all assumed in this
case to be positive. For fermions with mass mF,i, the parameters are F,i · yF,i/

p
2 = F,i · mF,i/v,

where yF,i is the Yukawa coupling strength, assuming a SM Higgs boson with a mass of 125.09 GeV,
and v = 246 GeV is the vacuum expectation value of the Higgs field. For the weak vector bosons with
mass mV,i, the new parameters are

p

V,i · gV,i/2v =
p
V,i · mV,i/v, where gV,i is the absolute Higgs boson

gauge coupling strength. The linear scaling of these new parameters as a function of the particle masses
observed in Fig. 19 indicates qualitatively the compatibility of the measurements with the SM. For the
b quark, the running mass evaluated at a scale equal to mH , mb(mH) = 2.76 GeV, is used.

Following the phenomenological model suggested in Ref. [129], the coupling modifiers can also be ex-
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W/t
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γ

γ
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H
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2

κγ

Why detailed Higgs measurements are so important:
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h h

new physics

Expect contributions from new physics to correct higgs mass:

h

h

h

Modifies Di-Higgs production

by construction, cannot avoid: 
     Higgs interaction:

Modified Higgs Couplings

One of the reasons 
  Di-Higgs is a so important
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Expanding about minimum: V (�) ! V (v + h)

V = V0 + �v2h2 + �vh3 + �
4h

4

V = V0 +
1
2m

2
hh

2 + m2
h

2v2 vh3 + 1
4
m2

h
2v2h4

λhhh λ4h

hh-production hhh-production

- Shape of potential gives relationship between λhhh and mh, v 
- Measuring λhhh important probes the shape of the Higgs potential 
- hh production interesting because it measures λhhh 

V (�) = �µ2�2 + ��4

Higgs mass term 

µp
�
⌘ v ~ weak scale

�hhh = m2
h

2v2

Standard Model:

Energy of Higgs field: Higgs potential

Measuring Higgs Potential



25

Expanding about minimum: V (�) ! V (v + h)

V = V0 + �v2h2 + �vh3 + �
4h

4

V = V0 +
1
2m

2
hh

2 + m2
h

2v2 vh3 + 1
4
m2

h
2v2h4

λhhh λ4h

hh-production hhh-production

- Shape of potential gives relationship between λhhh and mh, v 
- Measuring λhhh important probes the shape of the Higgs potential 
- hh production interesting because it measures λhhh 

V (�) = �µ2�2 + ��4

Higgs mass term 
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2v2

Standard Model:

Energy of Higgs field: Higgs potential

Measuring Higgs Potential

pp

500 µb−1500 µb−1

80 µb−1

W

81 pb−1

35 pb−1

Z

81 pb−1

35 pb−1

t̄t t
t-chan

WW H

total

VBF

VH

tt̄H

Wt

2.0 fb−1

WZ ZZ t
s-chan

t̄tW t̄tZ

σ
[p

b
]

10−1

1

101

102

103

104

105

106

1011
Theory

LHC pp
√

s = 7 TeV

Data 4.5 − 4.9 fb−1

LHC pp
√

s = 8 TeV

Data 20.3 fb−1

LHC pp
√

s = 13 TeV

Data 0.08 − 13.3 fb−1

Standard Model Total Production Cross Section Measurements Status: August 2016

ATLAS Preliminary

Run 1,2
√

s = 7, 8, 13 TeV

SM hh-production 
~40 fb

SM h production

× ~1000

top quarks: ~10 events/s

W bosons: 4 kHz

1 event/s

~4/hour ~  (1e-3 Hz)

Need much more data than we currently have to see hh
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Outlook for the Future 
        What we might know by 2035…
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ATLAS NOTE
February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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2030 →2010 20202015 2026

Run I

- Get to 300/fb of 13-14 TeV data 
- Up to 75 interactions per crossing

Run IV

- 3000/fb of 13-14 TeV data 
- Pile-up of up to 150-200

- 8 TeV 
- 20/fb

Now

Run II Run III

×15 increase in size of dataset ×150 increase in dataset size
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 Future LHC Program
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2030 →2010 20202015 2026

Run I

- Get to 300/fb of 13-14 TeV data 
- Up to 75 interactions per crossing

Run IV

- 3000/fb of 13-14 TeV data 
- Pile-up of up to 150-200

- 8 TeV 
- 20/fb

Now

Run II Run III

×30 increase in size of dataset ×150 increase in dataset size

25 Interactions



N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

Draft version 1.0

ATLAS NOTE
February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

 Future LHC Program

29

2030 →2010 20202015 2026

Run I

- Get to 300/fb of 13-14 TeV data 
- Up to 75 interactions per crossing

Run IV

- 3000/fb of 13-14 TeV data 
- Pile-up of up to 150-200

- 8 TeV 
- 20/fb
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25 Interactions

Future LHC Simulation

Future: 200 Interactions !
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Run I:      ~30/fb     /     7-8 TeV 
Run II-II: ~300/fb   / 13-14 TeV 
Run IV:    ~3000/fb / 13-14 TeV
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 Allow for decays to new particles
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Run II-III: ~300/fb   / 13-14 TeV 
Run IV:     ~3000/fb / 13-14 TeV

8 Higgs working group report

1.2.2.6 New Couplings From Loops
Many models of new physics contain non -Standard Model particles which contribute via loops to the decays
H ! gg, H ! �� and/or H ! Z�,1 along with altering the gg ! H production rate. These new particles
give rise to the e↵ective interactions parameterized by g and � . Generically, one might expect these loop

corrections to be O
✓

v2

M2

◆
⇠ 6%

✓
1 TeV

M

◆2

, where M is the scale of the new physics e↵ects. New heavy

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 [18],

g = � ⇠ 1� m2
t

M2
T

⇠ 1�O(8%)
✓

600 GeV

MT

◆2

. (1.6)

In this scenario the production rate from gluon fusion is suppressed, as is the width into ��. 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%, but with large Yukawa couplings required [19].

Colored scalars, such as the stop particle in the MSSM, also contribute to both g and � . If we consider
two charge- 2

3 scalars as in the MSSM, then for the stop much heavier than the Higgs boson,

g = � ⇠ 1 +
1
4

✓
m2

t

m2
t̃1

+
m2

t

m2
t̃2

� m2
t X

2
t

mt̃1
mt̃2

◆
⇠ 1 + O(17%)

✓
300 GeV

mt̃

◆2

(for Xt = 0), (1.7)

where Xt =| At�µ cot � | is the stop mixing parameter. If Xt = 0, the Higgs couplings to gluons and photons
are always increased. 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% [20].

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.

V b �

Singlet Mixing ⇠ 6% ⇠ 6% ⇠ 6%
2HDM ⇠ 1% ⇠ 10% ⇠ 1%

Decoupling MSSM ⇠ �0.0013% ⇠ 1.6% < 1.5%
Composite ⇠ �3% ⇠ �(3� 9)% ⇠ �9%

Top Partner ⇠ �2% ⇠ �2% ⇠ �3%

1
We will not discuss H ! Z� here, although this decay can receive significant corrections in new physics models.

Community Planning Study: Snowmass 2013

Coupling modifications in “Generic” BSM models  
   (M ~ 1 TeV / Satisfies EWK precision fits)

2σ CL 

5σ CL 

Uncertainty(%) 

2σ CL 

5σ CL 

For 10% deviation
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Figure 2: Diagrams of t̃1 and b̃1 pair production and decays considered as simplified models: (a) b̃1b̃1 ! b�̃0
1b�̃0

1; (b)
t̃1 t̃1 ! t�̃0

1t�̃0
1; (c) three-body decay; (d) four-body decay; (e) t̃1 t̃1 ! c�̃0

1c�̃0
1; (f) t̃1 t̃1 ! b�̃±1 b�̃±1 ; (g) b̃1b̃1 ! t�̃±1 t�̃±1 ;

(h) b̃1b̃1 ! b�̃0
2b�̃0

2. The diagrams do not show “mixed” decays, in which the two pair-produced third-generation
squarks decay to di↵erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass
and on the �̃0

1 mass. Figure 1b shows the three main regions in the mt̃1
–m�̃0

1
plane that are taken into ac-

count. They are identified by di↵erent values of �m
⇣

t̃1, �̃
0
1

⌘

= mt̃1
-m�̃0

1
. In the region where �m

⇣

t̃1, �̃
0
1

⌘

>

mt, the favoured decay is t̃1 ! t�̃0
1 (Figure 2b). The region where mW + mb < �m

⇣

t̃1, �̃
0
1

⌘

< mt is char-
acterised by the three-body decay3 (t̃1 ! Wb�̃0

1 through an o↵-shell top quark, Figure 2c). The region
where the value of �m

⇣

t̃1, �̃
0
1

⌘

drops below mW + mb, sees the four-body decay t̃1 ! b f f 0�̃0
1, (where f

and f 0 indicate generic fermions coming from the decay of an o↵-shell W boson, Figure 2d) competing
with the flavour-changing decay4 t̃1 ! c�̃0

1 of Figure 2e; the dominant decay depends on the details of
the supersymmetric model chosen [50].

If the third-generation squark decay involves more SUSY particles (other than the �̃0
1), then additional

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±1 ) is the next-to-lightest
supersymmetric particle (NLSP), then the stop tends to have a significant branching ratio for t̃1 ! b�̃±1
(Figure 2f), or, for the sbottom, b̃1 ! t�̃±1 if kinematically allowed (Figure 2g). The presence of additional
particles in the decay chain makes the phenomenology depend on their masses. Several possible scen-
arios have been considered, the most common ones being the gauge-universality inspired m�̃±1 = 2m�̃0

1
,

favoured, for example, in mSUGRA/CMSSM models [51–56]; other interpretations include the case of a
chargino almost degenerate with the neutralino, a chargino almost degenerate with the squark, or a char-
gino of fixed mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0

2 ! bh�̃0
1

(Figure 2h), which occurs in scenarios with a large higgsino component of the two lightest neutralinos.

3 In scenarios that depart from the minimal flavour violation assumption, flavour-changing decays like t̃1 ! c�̃0
1 or t̃1 ! u�̃0

1

could have a significant branching ratio up to �m
⇣

t̃1, �̃
0
1

⌘

⇠ 100 GeV [48].
4 The decay t̃1 ! u�̃0

1, in the assumption of minimal flavour violation [49], is further suppressed with respect to t̃1 ! c�̃0
1 by

corresponding factors of the CKM matrix.

5
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Beyond the LHC 
        What we might know by 2055…
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~100 km tunnel / Operate in two modes 
    1st-stage:  collide electrons: ee→Zh 
    2nd-stage: 100 TeV proton collider
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~100 km tunnel / Operate in two modes 
    1st-stage:  collide electrons: ee→Zh 
    2nd-stage: 100 TeV proton collider
Would Also operate in two modes 
    1st-stage:  collide electrons: ee→Zh 
    2nd-stage: 50 TeV proton collider 
Could be faster time scale if approved

Similar idea being pursued in China 
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ATLAS NOTE
February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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2σ CL 

5σ CL 

For 10% deviation

Uncertainty(%) 

Run II-II: ~300/fb   / 13-14 TeV 
Run IV:    ~3000/fb / 13-14 TeV 
“Higgs factory”

8 Higgs working group report

1.2.2.6 New Couplings From Loops
Many models of new physics contain non -Standard Model particles which contribute via loops to the decays
H ! gg, H ! �� and/or H ! Z�,1 along with altering the gg ! H production rate. These new particles
give rise to the e↵ective interactions parameterized by g and � . Generically, one might expect these loop

corrections to be O
✓

v2

M2

◆
⇠ 6%

✓
1 TeV

M

◆2

, where M is the scale of the new physics e↵ects. New heavy

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 [18],

g = � ⇠ 1� m2
t

M2
T

⇠ 1�O(8%)
✓

600 GeV

MT

◆2

. (1.6)

In this scenario the production rate from gluon fusion is suppressed, as is the width into ��. 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%, but with large Yukawa couplings required [19].

Colored scalars, such as the stop particle in the MSSM, also contribute to both g and � . If we consider
two charge- 2

3 scalars as in the MSSM, then for the stop much heavier than the Higgs boson,

g = � ⇠ 1 +
1
4

✓
m2

t

m2
t̃1

+
m2

t

m2
t̃2

� m2
t X

2
t

mt̃1
mt̃2

◆
⇠ 1 + O(17%)

✓
300 GeV

mt̃

◆2

(for Xt = 0), (1.7)

where Xt =| At�µ cot � | is the stop mixing parameter. If Xt = 0, the Higgs couplings to gluons and photons
are always increased. 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% [20].

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.

V b �

Singlet Mixing ⇠ 6% ⇠ 6% ⇠ 6%
2HDM ⇠ 1% ⇠ 10% ⇠ 1%

Decoupling MSSM ⇠ �0.0013% ⇠ 1.6% < 1.5%
Composite ⇠ �3% ⇠ �(3� 9)% ⇠ �9%

Top Partner ⇠ �2% ⇠ �2% ⇠ �3%

1
We will not discuss H ! Z� here, although this decay can receive significant corrections in new physics models.

Community Planning Study: Snowmass 2013

Coupling modifications in “Generic” BSM models  
   (M ~ 1 TeV / Satisfies EWK precision fits)
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early Coleman-Weinberg proposal for symmetry breaking [17]:

V (h) ! 1

2
�(h†h)2log


(h†h)

m2

�
. (7)

These possibilities are associated with totally di↵erent underlying dynam-
ics for electroweak symmetry breaking than the SM, requiring new physics
beyond the Higgs around the weak scale. They also have radically di↵er-
ent theoretical implications for naturalness, the hierarchy problem and the
structure of quantum field theory.

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

The leading di↵erence between these possibilities shows up in the cubic
Higgs self-coupling. In the SM, minimizing the potential gives v2 = 2|mh|2/�.
Expanding around this minimum h = (v + H)/

p
2 gives

V (H) =
1

2
m2

HH2 +
1

6
�hhhH

3 + · · · , with m2
H = �v2 and �SM

hhh = 3(m2
H/v).

(8)
Consider the example with the quartic balancing against a sextic and, for
the sake of simplicity to illustrate the point, let us take the limit where the
m2

h term in the potential can be neglected. The potential is now minimized
for v2 = 2|�|⇤2, and we find

m2
H = �v2, �hhh = 7m2

H/v = (7/3)�SM
hhh, (9)

giving an O(1) deviation in the cubic Higgs coupling relative to the SM. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is �hhh = (5/3)�SM

hhh.

18

100 TeV proton collider

Measure Higgs self-coupling to ~10%
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Note that the bounds correspond to extreme limits of strong coupling, and
it is most reasonable for the new couplings to be perturbative, so mS is most
plausibly in the range of a few hundred GeV.

These estimates quantify the intuitive expectation that any new physics
giving a first-order phase transition cannot be too heavy and too weakly
coupled to the Higgs.

We also get an associated O(1) deviation in the Higgs triple coupling, and
a singlet mass in the range of at most a few TeV, both of which are easily
accessible to a 100 TeV pp collider. Since the singlet mixes significantly with
the Higgs, the singlet is produced just as heavy Higgs bosons would be, and
the significant decays are S ! HH, ZZ, W+W� and tt̄. A rough estimate
of the 100 TeV reach for pp ! S ! HH in these modes is shown in Fig. 9.
Here c is a measure of the mixing between the singlet S and the Higgs boson.
We have c ⇠ (av)/mS ⇠ (mH/mS), so this mixing is expected to be sizable.
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Figure 9: Estimate of reach in the gg ! S ! HH channel at HL-LHC and a 100 TeV
collider extrapolating from an ATLAS search [25]. The reach for the S scalar mass, shown
by the vertical lines for di↵erent pp CM energies, assume that one Higgs decays to b̄b and
the other to ��, and refer to the case c = 1.

In the above analysis we have assumed that m2
S > 0, so that the singlet

is localized to the origin throughout the phase transition. There is also a
qualitatively di↵erent possibility with m2

S < 0. Here, we can imagine that
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contours of the two di↵erent search strategies.

The searches proposed here also have good discriminating power away from the massless

neutralino limit. A 1.5 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 2 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di�erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated
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Figure 17: Reach for stops (left column) and fermonic top partners (right column) at a
100 TeV pp collider.

urgent, for two obvious reasons. First, given that we have not seen any
superpartners at LHC8, while LHC14 could be powerful enough to discover
them, it is unlikely to produce them in high enough numbers for the more
detailed study needed to ascertain what the particles are trying to tell us
about TeV scale physics. As a simple example, consider a gluino with mass
of 1.5 TeV, just at the LHC Run 1 limit. Roughly 104 of these particles will be
produced through the LHC14 program, certainly enough to be able to claim
a discovery, but not much else. The careful examination of its properties,
necessary to even hope for a zeroth order claim that supersymmetry has been
discovered, will need a 100 TeV collider, producing ⇠ 107 �108 gluinos of the
same mass. Second, the fact that we have not seen any new physics at LHC
Run 1 also makes it very unlikely that the entire spectrum of new states will
be produced at LHC14. Consider the example of “natural SUSY”, where the

39

LHC

100 TeV proton collider



John Alison / STFC Interview
Thank You

 Have only collected ~1% of total LHC dataset 
Next 5-10 years incredibly unique/interesting time!

Bigger rings currently being planned


