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I. The Higgs boson discovered on the 4th of July 2012

Is it the Higgs boson of the Standard Model?

Is it the first scalar state of an enlarged Higgs sector?

Is it a premonition for new 
physics beyond the Standard
Model at the TeV scale?

Let’s look at a snapshop of 
the current LHC Higgs data.

mH = 125.2 ± 0.4 GeV



Values of the best-fit σ/σSM for the combination (solid vertical line) and for 
subcombinations by predominant decay mode and additional tags targeting 
a particular production mechanism. The vertical band shows the overall σ/σSM
uncertainty. The σ/σSM ratio denotes the production cross section times the 
relevant branching fractions, relative to the SM expectation. The horizontal 
bars indicate the ±1 standard deviation uncertainties in the best-fit σ/σSM
values for the individual modes; they include both statistical and systematic 
uncertainties.  Taken from arXiv:1412.8662 (December, 2014).

Values of the best-fit σ/σSM for the combination (solid vertical line) and for 
subcombinations by predominant decay mode. The vertical band shows the 
overall σ/σSM uncertainty. The σ/σSM ratio denotes the production cross 
section times the relevant branching fractions, relative to the SM expectation. 
The horizontal bars indicate the ±1 standard deviation uncertainties in the 
best-fit σ/σSM values for the individual modes; they include both statistical and 
systematic uncertainties.   Taken from arXiv:1412.8662 (December, 2014).

Evidence for a Standard Model (SM)—like Higgs boson



ATLAS evidence for a 
SM-like Higgs boson 
(from a CERN seminar
October 7, 2014)



Any theory that introduces new physics beyond the 
Standard Model (SM) must contain a SM-like Higgs 
boson.  This constrains all future model building.

Motivations for a precision Higgs program:
 Learn as much as possible about H(125)
 Probe the dynamics of electroweak symmetry 

breaking (EWSB)
 Discover deviations from SM predictions

 evidence for physics beyond the SM 
 hints of a new mass scale



II. Possible implications of a SM-like Higgs boson

Maybe there is no new physics beyond the SM (BSM) until 
energy scales >> 1 TeV, in which case H(125) is the SM Higgs 
boson (the nightmare scenario?).

 If additional scalars exist, then H(125) can mix with other scalar 
states.  If this mixing is suppressed, then H(125) will be SM-like.

Radiative corrections to the couplings of H(125) induced by new 
BSM physics could yield small but observable deviations.

 Since H†H is a singlet with respect to the SM gauge group, it can 
couple to new physics that are neutral with respect to the SM 
(e.g. hidden valleys) .  This is the Higgs portal.  It can also yield 
deviations to H(125) couplings from SM predictions.



Implications for EWSB dynamics

Tension with naturalness  (Is the Higgs sector fine-tuned?)
 The nightmare scenario: no new TeV-scale physics found; the

SM survives to energies much larger than the TeV scale.

 New physics beyond the SM is present but not yet discovered.  The 
Higgs sector is likely to be non-minimal.
 In the alignment limit, the H(125) is approximately aligned in 

field space with the vacuum expectation value (vev), and 
thereby behaves like a SM-like Higgs boson

 In the decoupling limit, all other scalar states are massive, in 
which case the H(125) is approximately aligned with the vev.
The decoupling limit implies approximate alignment but not      
vice versa.



Deviations of the H(125) couplings from the SM can be due to: 
 tree-level effects (e.g. mixing with other scalar states)
 loop-level effects (e.g. virtual effects of new particles, which in 

some cases be parameterized by higher dimensional operators)
Competition between tree-level and loop-level effects may be
relevant (tree-level does not always win!).

 The argument of weakly-coupled vs. strongly-coupled EWSB is not
yet settled.  Deviations of the H(125) couplings from the SM can
inform this debate. 

 Prior to the discovery of new states associated with physics beyond
the Standard Model (BSM), the precision Higgs program, along with
precision measurements in the gauge boson sector, will be essential 
for probing EWSB dynamics and deriving constraints on BSM physics.

Implications for EWSB dynamics breaking (continued)



How much precision do we need?

Current LHC data already yields Higgs couplings (with some assumptions) 
of roughly 20%--30% in the main channels.

 It does not seem likely that large tree-level mixing effects are present.

 The absence of BSM physics below Λ≈1 TeV in LHC data may be 
suggesting that deviations of Higgs coupling from their SM values should 
be less than about (2mH/Λ)2 ≈ 6%.  If no BSM physics is revealed in future 
LHC running, this estimate is likely to drop below 1%. 

 We may very well require sensitivity to effects approaching those of 
electroweak radiative corrections, i.e. below 1%. 



III. Expectations for future precision Higgs measurements 

Latest HL-LHC plan announced by Lucio Rossi at the 4th Joint HiLumi LHC/ LARP Annual Meeting at KEK on 11 Nov 2014



Relative uncertainty on the signal strength μ for all Higgs final states considered in this note in the different experimental categories used in the combination, assuming a SM Higgs boson 
with a mass of 125 GeV expected with 300/fb and 3000/fb of 14 TeV LHC data. The uncertainty pertains to the number of events passing the experimental selection, not to the particular 
Higgs boson process targeted. The hashed areas indicate the increase of the estimated error due to current theory systematic uncertainties. The abbreviation "(comb.)" indicates that the 
precision on μ is obtained from the combination of the measurements from the different experimental sub-categories for the same final state, while "(incl.)" indicates that the 
measurement from the inclusive analysis was used. The left side shows only the combined signal strength in the considered final states, while the right side also shows the signal strength 
in the main experimental sub-categories within each final state. Taken from ATL-PHYS-PUB-2014-016 (Oct. 2014).



Regions of the (mA, tanβ) plane expected to be excluded in a simplified MSSM model via fits to the measured rates of Higgs boson production and decays. The likelihood 
contours where -2ln Λ=6.0, corresponding approximately to 95% CL (2σ), are indicated assuming the SM Higgs sector. The light shaded and hashed regions indicate the 
expected exclusions, respectively. The SM decoupling limit is mA → ∞. Taken from ATL-PHYS-PUB-2014-017 (Oct. 2014).



:     Linear Collider at 250 GeV <  < 1000 GeV ILC e e s+ −

A program of precision Higgs couplings at the

The ILC Higgs White paper (D.M. Asner, et al., 
arXiv:1310.0763 [hep-ph]), prepared for the 
2013 Snowmass Community study, projected 
possible outcomes of a dedicated Higgs 
precision study at the ILC under various 
energy/luminosity scenarios. 



Energy/Luminosity scenarios
Stage # nickname Ecm(1)

(GeV)
Lumi (1)

(fb-1)
Ecm(2)
(GeV)

Lumi (2)
(fb-1)

Ecm(3)
(GeV)

Lumi (3)
(fb-1)

Runtime
(years)

1 ILC (250) 250 250 1.1

2 ILC (500) 250 250 500 500 2.0

3 ILC (1000) 250 250 500 500 1000 1000 2.9

4 ILC(LumUp) 250 1150 500 1600 1000 2500 5.8

 At each stage, the accumulated luminosity of a given energy is listed.  The
runtimes listed consist of actual elapsed cumulative running time at the 
end of each stage.  Assuming that the ILC runs for 1/3 of the time, then
the actual time elapsed is equal to the runtime times 3. 

 Assume that the ILC is run at its baseline luminosity at 250 GeV (stage 1),
then at 500 GeV (stage 2), and finally at 1000 GeV (stage 3)

 Then, stage 4 repeats the successive stages 1, 2 and 3 at the upgraded 
luminosity.   

In real time, this entire program would require  5.8 x 3 = 17.4 years.



Summary of expected accuracies Δgi/gi and ΓT for model 
independent determinations of the Higgs boson couplings

The theory errors are ΔFi/Fi=0.5%.  For the invisible branching ratio, 
the numbers quoted are 95% confidence upper limits. 



M. Peskin used the ILC Higgs White paper analysis, and added the additional 
branching ratio constraint, ∑i BRi = 1, based on anticipated measured upper 
limits for BR’s of exotic Higgs decay modes. Comparisons with CMS pessimistic 
and optimistic scenarios for 3000 fb-1 of data are provided: 

CMS-1: current systematic and theoretical uncertainties
are employed.

CMS-2: theoretical errors are reduced by a factor of two 
and systematic errors are assumed to decrease
as the square root of the integrated luminosity.  

Comparing the projected precision of the HL-LHC and ILC Higgs programs



Reference: M.E. Peskin, Estimation of LHC and ILC Capabilities for Precision Higgs Boson Coupling Measurements,
arXiv:1312.4974 [hep-ph]. 



Peskin notes that by combining one LHC observable, namely Δ[BR(H→γγ)/BR(H →ZZ*)]=3.6%
as projected by ATLAS in their high luminosity LHC analysis, with the ILC precision measurement 
of the ZZH coupling, one is able to obtain a very precise determination of the γγH coupling.



Beating down the theory errors
Will the accuracy of the SM predictions for the Higgs couplings be better 
than the anticipated precision of the corresponding ILC measurements? 

Two sources of theoretical uncertainty:
 Higher order perturbative corrections to Higgs partial widths not 

yet computed. In G.P. Lepage, P.B. Mackenzie and M.E. Peskin, 
Expected Precision of Higgs Boson Partial Widths within the 
Standard Model, arXiv:1404.0319 [hep-ph], these uncertainties 
are estimated to be of order 0.1%.

Example: Baikov, Chetyrkin and Kühn (2006) have obtained:

 Parametric uncertainty of the input parameters
(primarily αs, mb, mc). 



IV. Case studies: 

1. The wrong sign Higgs couplings to fermion pairs

P.M. Ferreira, J.F. Gunion, H.E. Haber and R. Santos, Probing wrong-sign Yukawa 
couplings at the LHC and a future linear collider, Phys. Rev. D89, 115003 (2014) 

2.   Complementarity between H(125) precision and the search for new
scalar states of the Higgs sector

M. Carena, H.E. Haber, I. Low, N.R. Shah and C.E.M. Wagner, Complementarity Between 
Non-Standard Higgs Searches and Precision Higgs Measurements in the MSSM,
arXiv:1410.4969 [hep-ph], Phys. Rev. D91 (2015) in press.



CMS search for deviations from SM-Higgs couplings

Summary plot of likelihood scan results for the different parameters of interest in 
benchmark models separated by dotted lines. The BRBSM value at the bottom is 
obtained for the model with three parameters (κg, κγ, BRBSM). The inner bars 
represent the 68% CL confidence intervals while the outer bars represent the 
95% CL confidence intervals. Taken from arXiv:1412.8662 (December, 2014).

2D test statistics q(κV, κF) scan for individual channels (colored swaths) and for 
the overall combination (thick curve). The cross indicates the global best-fit 
values. The dashed contour bounds the 95% CL region for the combination. The 
yellow diamond shows the SM point (κV, κf) = (1, 1).  Two quadrants corresponding 
to (κV, κf) =  (+,+) and (+,−) are physically distinct.  Taken from arXiv:1412.8662 
(December, 2014).



Is it possible that the Higgs coupling to down-type fermions, κD, has the 
expected magnitude but the opposite sign to their predicted SM values?















V. The Bottom Line

The ILC will provide the next significant step in the precision study of Higgs boson 
properties.  LHC precision measurements in the 5—10% range will be brought 
down to the 1% level.

 The ILC is able to provide a model-independent determination of Higgs couplings 
via the measurement of σZH, in addition to measuring σ x Br in numerous channels.  
(In contrast, LHC only can directly measure σ x Br).

 Together with the LHC Higgs data, the ILC will provide critical measurements that 
can probe new physics beyond the Standard Model and provide important clues as 
to what may lie ahead.



Back-up slides





68% CL expected likelihood contours for κV and κF in a minimal coupling fit at 14 TeV for 
an assumed integrated luminosity of 300/fb and 3000/fb. Taken from ATL-PHYS-PUB-
2014-016 (Oct. 2014).

Relative uncertainty expected for the determination of coupling scale factor ratios λXY
in a generic fit without assumptions, assuming a SM Higgs boson with a mass of 125 
GeV and with 300/fb or 3000/fb of 14 TeV LHC data. The hashed areas indicate the 
increase of the estimated error due to current theory systematic uncertainties. Taken 
from ATL-PHYS-PUB-2014-016 (Oct. 2014).



Regions of the (cos(β-α), tanβ) plane in the Type-I and Type-II 2HDMs expected to be excluded by fits to the measured rates of Higgs boson production and decays. The 
confidence intervals account for a possible relative sign between different couplings. The expected likelihood contours where -2lnΛ=6.0, corresponding approximately to 95% 
CL (2σ), are indicated assuming the SM Higgs sector. The light shaded and hashed regions indicate the expected exclusions.  Taken from ATL-PHYS-PUB-2014-017 (Oct. 2014).



Systematic errors:

Simulations: Full simulations performed 
with ILD and/or SiD dectector.

The ILC Higgs White paper (D.M. Asner, et al., arXiv:1310.0763 
[hep-ph]), prepared for the Snowmass Community study. 
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