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Exploring the Higgs

Standard Model precisely predicts all Higgs boson couplings
   and properties with no free parameters

Now that          is known:

Any deviation is an indication of new physics
High-precision Higgs physics program is a discovery program

Couplings to fermions proportional to 
Couplings to gauge bosons proportional to
Higgs self-couplings proportional to
Total width

 Total Width & Mass
 CP admixture

 Separate cross sections
 Separate branching fractions

 Increased precision of model-independent measurements of:

 Complementary to LHC

 LHC already and likely to continue doing a spectacular job!
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What we know Implications for LC/

 Scalar Mass  ~125 GeV  

 SM-like couplings to 
 major production reactions present in 

accessible to 
 and

 SM-like Br's expected

 mainly

        coupling exists 
 direct  exists (need higher collision energies)

(but want sensitive tests of small CP admixtures)
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What precision is needed?

Idealistic(?): we have a new particle, arguably the most important.
                     Measure its properties as precisely as possible.
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What precision is needed?

Idealistic(?): we have a new particle, arguably the most important.
                     Measure its properties as precisely as possible.

Pragmatic: what are typical deviations for reasonable models,
                      with reasonable constraints, that we can use as targets?

Deviations in couplings
Additional degrees of freedom in the Higgs sector that mix boson
  states or introduce multiple vacuum expectation values or
  mixed states of fermions

Examples where new physics can enter in Higgs sector:

Total Higgs width increase (from ~4 MeV)
Additional low-mass particles that go undetected/unidentified
   at the LHC  (including anomalous              ) or that only have a tiny
                                                                               coupling to Higgs 

Deviations in loop processes (                          )
Due to new heavy particles in the loops 4b



What coupling precision is needed?

generic deviations for scale of new physics ~1 TeV, taking
   into account complementarity (e.g., go just beyond projected
   reach of HL-LHC for direct observation of new particles)

target precision of ~1% or better on Higgs couplings

But, to have 3s effect, need precision of 
                    5s effect, need precision of

 (see backup slides for examples of each)
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What coupling precision is needed?

generic deviations for scale of new physics ~1 TeV, taking
   into account complementarity

Deviations will tell us there is new physics,
  pattern of deviations could tell us
   what kind of new physics

But, to have 3s effect, need precision of 
                    5s effect, need precision of 1

1
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Detectors

Modified vertex
detector,

very forward coverage,
hadronic calor. depth

Full simulations:

...and cost estimates

ILD detector

 Technical Design Report - Volume 4: Detectors,
arXiv:1306.6329 [physics.ins-det]

TPC-based trackingCLIC-ILD detector

CLIC-SiD detector
SiD detector Silicon-based tracking
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Detectors

ILD

SiD

TPC

ECAL
Vertex

HCAL

7.
8 

m

Muon/Yoke
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Detectors
Designed explicitly for 
  particle flow techniques
   (high granularity calorimetry)

ILD @ 1 TeV

CLIC_ILD @ 3 TeV Tight timing cuts on reco'ed particles

Low material budget, 
  excellent tracking and vertexing

Bunch train, beamstrahlung,
pairs, overlaid
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Higgs Production

W +
e n

n

+

e–

H 0

H 0

W –

Z 0
Z 0

Z 0

Z 0

e+ e+

e–

e+

e– e–

H 0

•  Fusion (grows with energy)

1 Higgs in ~10  – 10   pp collisions
1 Higgs in 1% of all collisions
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•  Clean

Now that we know that from LHC:

•  Democratic

•  Calculable
•  Longitudinal Polarization 

  (linear colliders): can boost signal,
   control SM backgrounds
  (unpolarized cross section
      at ~200 fb for circular colliders,
       transverse polarization available)

•  "Higgs"strahlung 
(dominates at lower energies)

First stage
Higgs factory
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Higgs Production
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ILC Base Program
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•  Fusion

Polarized

•  "Higgs"strahlung

Typical ILC program, 3 – 5 years each energy:
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ILC Luminosity Upgrade

 optimistic
 pessimistic

e.g.,TLEP,
  FCC_ee

LinearCircular

With minimal cost impacts, possible luminosity upgrade also 
  considered for Snowmass studies:

ILC base program frozen long ago for global design effort (GDE) and
  technical design report         necessarily conservative
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Benchmark Programs ...considered for Snowmass studies

pp machines:

          machines:          Linear

          Run scenarios:

Luminosity
Upgrade
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Definitions / Coupling Fits

Signal strength, experimental input to fit: 

Deviations from SM,
                     scale factors

With data now, two options for fit:
1. Assume only SM decays: Assumes one resonance,

zero width approximation,
no new tensor structures

Coupling of any single Higgs field 
is bounded above by the coupling 

that would give the full mass of 
the vector bosons

2. Assume some Beyond-SM decays, scale all Br's
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        Collisions: Recoil method
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ZmReconstruct
 recoil mass

•  measurement independent 
   of Higgs decay mode

So important

(Precision on )

Can do better than this with
more statistics (e.g., ILC-up)

(small systematics, e.g., lumi syst.,
    understanding of isolated leptons)
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        Collisions: Recoil method
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•  Importance of CLIC reconfiguration
to allow operation at lower energies as well:

 ILD@ILC,       = 250 GeV, 250 fb–1
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 CLIC_ILD@ILC,       = 350 GeV, 500 fb–1
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, Br's
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•  Completely model independent 
  measurements of Br's/couplings
  (instead of     Br as LHC since know   ) 
 

Similarly:
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•  Add statistics using
other Z decay modes
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, Br's
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•  Add statistics using
other Z decay modes

•  Completely model independent 
  measurements of Br's/couplings
  (instead of     Br as LHC) 
  including to invisible/dark matter
           or exotic decays

 ILC

Could be happening at LHC and
  we would not know with model

assumptions

e.g., exotic: 
undetectable

at LHC
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Keep measuring Br's!

Higher energies, also use:

Coupling extractions don’t need assumptions
about total width
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Now feasible at 500 GeV!  Complicated, multi-jet system, four b jets•

6-jet and 8-jet modes:•

Better at higher energies (aside from larger fraction of non-ttH components)
Precision on coupling: (ILC, 1000 GeV) (CLIC, 1400 GeV)

•
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Model-Independent Couplings

No assumptions on universality, width, lack of SM decay modes, etc.

Cannot make the same extraction of couplings for LHC, so 
  to put on same footing for comparison, also use 7-parameter
    global fit on lepton collider couplings...

Precision on:
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Comparing Facilities 7-parameter global fits
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Vector Bosons

see updates from FCC_ee, M. Klute Fermions

* *

**

*
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Comparing Facilities 7-parameter global fits
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Through Loops

If combine with HL-LHC
projected measurements of
ratio
could get precision on this 
coupling to <1%.

Peskin, arXiv:1312.4974
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Higgs Self-coupling Double-Higgs Production

-

50 100 150 200 250 300 350�–1

1
0
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5Probing the Higgs potential

No hope!

neg.
interf.

Dilution: depending on mode
     and energy

Small cross sections and
  non-contributing diagrams
(some separation with HH inv. mass)

Hadron collisions

Lepton collisions
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Higgs Self-coupling Tough all over!

Approximate expected maximum deviations (no other new physics 
                                                                        observable at LHC in model):Mixed-in

singlets

Composite Higgs: up to factor 2; other deviations from new particles in loops

arXiv:1305.6397 Higher-dim
operators MSSM NMSSM

Decay modes explored: ( in collisions)

Projection of precision on    : 

24



Total Width and Mass

Widening of total width of Higgs clearest, 
  model-independent discovery mode for 
  new physics. 

  Challenge: SM-Higgs of mass ~125 GeV 
  has total width of ~4 MeV, in most cases 
   too small to measure except for a 
   s-channel muon collider:

arXiv:1308.2143 

Hadron colliders, model dependence:
– assume only SM production and decay, universality of couplings

– ratio of cross sections on- and off-mass shell (see other talks)
– assume bound 

Lepton colliders, model independent width measurement

- .03 - .015 126 +.015 +.03

800
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1800
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ts
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Lstep=
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)
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Total Width and Mass
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Total Width and Mass

Important for predicting branching fractions:

unc.
on 

correlations in global electroweak fits checking consistency
correlations, vacuum stability of universe...

LHC (HL-LHC) Reconstruct invariant mass decay products

Reconstruct       invariant mass (stat.) 
ILC Recoil mass of 

CLIC

Check predictions of BSM physics (e.g., SUSY)
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(Spin) and CP

already strongly preferred and almost all other exotic
spin models will be ruled out: focus on CP state

Mixture of CP-odd component? interesting at mixture of 

CP-even
tree-level

CP-
even

CP-
odd

In SM: 

Decay to pair of vectors:

Decay to pair of fermions:

Look for CP-odd component:

CP-odd
suppressed

by loop
Lose sensitivity!

Can be similar size More sensitive
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(Spin) and CP Projections on 

Needs HL-LHC

: ~x10 target

Lepton colliders bring strength in 
(and other options, e.g., ILC-LumiUp, TLEP would surpass these)

LHC HL-LHC ILC mCgC

: meets target

29



Conclusions

Direct measurement of the Higgs boson is the key to
understanding Electroweak Symmetry Breaking

and hence a discovery program that may 
    lead us to the next step (like the Z factories did)

The light Higgs boson must be explained
An international research program focused on Higgs
couplings to fermions and VBs to a precision of a 
couple of % or less is required in order to address its physics

Full exploitation of the LHC is the path to a few %
precision in couplings and 50 MeV mass determination

Full exploitation of a precision electron collider is the
path to a model-independent measurement of the
width and sub-percent measurement of couplings and
a key part of a precision Higgs program

All need commensurate improvements in precision of
other EW quantities (e.g.,      ) as well as theory improvements

(see Radja Boughezal's talk yesterday)
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What coupling precision is needed? Examples

One of simplest: SM Higgs mixing with an electroweak singlet

universal scaling: 

Coupling to light higgs (that we are observing),  
Coupling to heavy higgs,              

(e.g., models explaining dark matter, flavor)

Complementary: observe a heavy Higgs 
                                            and/or measure deviations in couplings

Largest 
(plus precision electroweak constraints)

such that won't see heavy Higgs at LHC with ~100 fb  ?–1

Phys.Rev. D86 (2012) 095001
arXiv:1206.3560



What coupling precision is needed? Examples

effective theory for many extended Higgs sector models

Two Higgs Doublet Models (2HDM) – Minimal SUSY, MSSM as special case

5 Higgs bosons: 
4 types of 2HDM models that avoid tree-level FCNCs, predictive

Decoupling limit, Type II 2HDMs (e.g., MSSM), 
Shifts typically small:

Target:

Again, complementary! Observability of

machines probe 
             out to

at LHC, HL-LHC;  



What coupling precision is needed?

arXiv:1307.3676,
arXiv:1305.1624,
arXiv:1308.1742



What coupling precision is needed? Examples

SUSY partner of top quark still prime search candidate

SUSY in loops:

MSSM light stops generically contribute (no mixing):

g
H

g



Comparing Facilities 7-parameter global fits
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