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SM success: triumph of the gauge principle

QED

Precision electroweak

Perturbative QCD / Lattice QCD

CKM picture for flavor physics
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SM challenge: mystery of the vacuum

Origin of W , Z masses

Origin of quark & lepton masses, mixing, CP violation

Origin of neutrino masses, mixing

Dark energy / Inflation

Hierarchy
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Higgs discovery gives us first solid experimental handle:
The Higgs boson is a piece of the vacuum!

Cartoon: CERN
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Outline

Introduction: Higgs couplings in the Standard Model

What can we learn from measuring Higgs couplings?

- Higgs couplings beyond the Standard Model

- Current status

- Future prospects

Conclusions
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Higgs couplings in the Standard Model

A one-line theory:

LHiggs = |DµH|2 − [−µ2H†H + λ(H†H)2]− [yf f̄RH
†FL + h.c.]

Most general, renormalizable, gauge-invariant theory involving a single scalar

field with isospin 1/2, hypercharge 1.

−µ2 term: electroweak symmetry spontaneously broken; Gold-

stones can be gauged away leaving one physical particle h.

H =

(
G+

(v + h+ iG0)/
√

2

)

Mass and vev of h are fixed by minimizing the Higgs potential:

v2 = µ2/λ M2
h = 2λv2 = 2µ2
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Higgs couplings in the Standard Model

SM Higgs couplings to SM particles are fixed by the mass-generation

mechanism.

W and Z: gZ ≡
√
g2 + g′2, v = 246 GeV

L = |DµH|2 → (g2/4)(h+ v)2W+W−+ (g2
Z/8)(h+ v)2ZZ

M2
W = g2v2/4 hWW : i(g2v/2)gµν

M2
Z = g2

Zv
2/4 hZZ : i(g2

Zv/2)gµν

Fermions:

L = −yf f̄RH†QL + · · · → −(yf/
√

2)(h+ v)f̄RfL + h.c.

mf = yfv/
√

2 hf̄f : imf/v

Gluon pairs and photon pairs:

induced at 1-loop by fermions, W -boson.
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Predict SM Higgs production cross sections and decay branching

ratios (as function of Mh)
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We know that the Standard Model cannot be the whole story.

Problems from data:

- Dark matter (and dark energy?!?)

Higgs portal; h→ invisible

- Matter-antimatter asymmetry

Electroweak baryogenesis, need modified Higgs potential

Problems from theory:

- Hierarchy problem

SUSY; composite Higgs/Randall-Sundrum; little Higgs; fine tuning??

- Neutrino masses (why so very tiny?)

Type-2 seesaw scalar triplet; neutrino-coupled doublet

- Flavour (origin of quark and lepton masses, mixing, CP violation?)

Clues from fermion couplings to Higgs?

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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To probe for this new physics:

Measure couplings of the discovered Higgs particle h

- Mixing within extended Higgs sector shows up in h couplings

- New charged/coloured particles contribute to hγγ, hgg loops

- Compositeness affects couplings at order v2/f2

Search directly for the new states

- Adapt SM Higgs searches; h coupling measurements constrain

production/decay of additional states

- h→ new particles

- Direct searches for SUSY / composite sector / KK modes / ...

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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Is there more than one vacuum condensate?

Imagine two SU(2) doublets with nonzero vevs.

- Both condensates contribute to W and Z masses

- Say one gives masses to up-type quarks, one gives masses to

down-type quarks and charged leptons (like in MSSM)

→ need stronger couplings to give measured fermion masses

- Discovered Higgs particle h is a coupled excitation of the two

vacuum-condensate fields

→ mixing angle affects h couplings to W , Z, fermions

- Orthogonal excitation H is out there somewhere

(along with uneaten would-be Goldstones A0, H±)

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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Concrete models

SM Higgs + singlet
all couplings of h scaled by mixing angle cos θ

SM Higgs + additional doublet(s)
different choices for fermion mass generation → coupling patterns

SM Higgs + larger SU(2) multiplet
possible custodial symmetry violation

These extensions often appear in BSM models:

- MSSM: need second Higgs doublet for anomaly cancellation,
holomorphic fermion couplings

- NMSSM: additional singlet to generate µ parameter

- Little Higgs models: global symmetry often yields additional
SU(2) reps of PNGBs: doublets, triplet, singlet(s)

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013

12



Higgs couplings beyond the Standard Model

W and Z:

- EWSB can come from more than one Higgs doublet, which

then mix to give h mass eigenstate. v ≡
√
v2

1 + v2
2, φv = v1

v
h1 + v2

v
h2

L = |DµH1|2 + |DµH2|2
M2
W = g2v2/4 hWW : i〈h|φv〉(g2v/2)gµν ≡ iκW (g2v/2)gµν

M2
Z = g2

Zv
2/4 hZZ : i〈h|φv〉(g2

Zv/2)gµν ≡ iκZ(g2v/2)gµν

Note κW = κZ. Also, κW,Z = 1 when h = φv: “decoupling limit”.

- Part of EWSB from larger representation of SU(2): Q = T 3+Y/2

L ⊃ |DµΦ|2 → (g2/4)[2T (T + 1)− Y 2/2](φ+ v)2W+W−

+(g2
Z/8)Y 2(φ+ v)2ZZ

Can get κW 6= κZ and/or κW,Z > 1 after mixing to form h.

Tightly constrained by rho parameter, ρ ≡M2
W/M

2
Z cos2 θW = 1 in SM.
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Higgs couplings beyond the Standard Model

Fermions:

Masses of different fermions can come from different Higgs dou-

blets, which then mix to give h mass eigenstate:

L = −yf f̄RΦ†fFL + (other fermions) + h.c.

mf = yfvf/
√

2 hf̄f : i〈h|φf〉(v/vf)mf/v ≡ iκfmf/v

In general κt 6= κb 6= κτ ; e.g. MSSM with large tanβ (∆b).

Note 〈h|φf〉(v/vf) = 〈h|φf〉/〈φv|φf〉
⇒ κf = 1 when h = φv: “decoupling limit”.

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013

14



Higgs couplings beyond the Standard Model

Gluon pairs and photon pairs:

- κt and κW change the normalization of top quark and W loops.

New coloured or charged particles give new loop contributions.

e.g. top squark, charginos, charged Higgs in MSSM

New particles in the loop can affect h↔ gg and h→ γγ even if h

is otherwise SM-like.

⇒ Most general treatment: take κg and κγ as additional inde-

pendent coupling parameters.

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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Coupling extraction strategy at LHC

Measure event rates at LHC: sensitive to production and decay

couplings. Narrow width approximation:

Rateij = σiBRj = σi
Γj

Γtot

Coupling dependence (at leading order):

σi = κ2
i × (SM coupling)2 × (kinematic factors)

Γj = κ2
j × (SM coupling)2 × (kinematic factors)

Γtot =
∑

Γk =
∑
SM

κ2
kΓSM

k

Each rate depends on multiple couplings. → correlations

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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Coupling extraction strategy at LHC

Measure event rates at LHC: sensitive to production and decay

couplings. Narrow width approximation:

Rateij = σiBRj = σi
Γj

Γtot

Coupling dependence (at leading order):

σi = κ2
i × (SM coupling)2 × (kinematic factors)

Γj = κ2
j × (SM coupling)2 × (kinematic factors)

Γtot =
∑

Γk =
∑
SM

κ2
kΓSM

k +
∑
new

Γnew
k

Each rate depends on multiple couplings. → correlations

Non-SM decays could also be present:

- invisible final state (look for this with dedicated searches: h→ ETmiss)

- “unobserved” final state (e.g., h→ jets)

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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LHC measurements (March 2013)

Uncertainties still large

Few production × decay modes with uncertainties below 30%

⇒ Rely on constrained fits within particular models for now

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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LHC measurements (March 2013)

Overall signal strength µ ≡ σ/σSM
- Assume that all decays are in their SM proportions

Highly constrained: 1-parameter coupling measurement
SM Higgs mixed with a singlet: µ ≡ cos2 θ

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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LHC measurements (March 2013)

Going beyond one parameter: L ⊃ v2

4 g
2VµV µ

(
κV

2h
v

)
−miψ̄iψi

(
κF

h
v

)

Highly constrained: 2-parameter coupling fit assumes no exotic decays

Two-Higgs-doublet-model (Type I): κV = sin(β−α), κF = cosα/ sinβ

hff̄ couplings: first non-gauge interaction we’ve ever seen!
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LHC measurements (March 2013)

Additional constrained fits:

- κV , κu, κd: test up vs. down quarks

- κV , κq, κ`: test quarks vs. leptons

Can reduce to 2-parameter fits in particular 2HDM models

- κW , κZ: test custodial symmetry (probe for Higgs triplet contributions)

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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Synergy between couplings of h and searches for additional states

The vacuum condensate(s) generate mass through couplings to
SM particles.

If more than one mass eigenstate

contains excitation(s) of the conden-

sate(s), then they must share these

couplings.

Sum rules: κ(h)2 + κ(H)2 = 1

Important implications for searches for

additional Higgs-like states.

Example: brand new CMS search for

EW singlet mixed with SM Higgs.

Adapt heavy-Higgs search to narrower,

rarer 2nd Higgs. Higgs boson mass [GeV]
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High precision buys you New Physics reach.

Typical Higgs mass matrix for two mixed states:(
m2 λv2 or µv

λv2 or µv M2

)
Larger M2 → smaller mixing angle → h couplings more SM-like.
Similarly, loop corrections from NP ∼ (loop factor)(v2/M2)

h→ SM-like called the “decoupling limit”.

A few examples:

Compositeness: ∆κV ∼ −3%(TeVf )2, ∆κF ∼ −(3% ∼ 10%)(TeVf )2

2HDM-II: ∆κb = ∆κτ ∼ 40%(200GeV
MA

)2 ' 2%(TeVMA
)2 for tanβ = 5

Little Higgs: ∆κg,∆κγ ∼ −5% for 1 TeV top-partner

MSSM: ∆κb,∆κτ ∼ (2% ∼ 4%) for mA = 1 TeV, tanβ = 5
Significant parameter dependence including large SUSY loop corrections.

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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LHC: About 27 fb−1 collected per expt. at 7 + 8 TeV.

Expect 300 fb−1/expt. at 13-14 TeV

- Also, larger cross sections

Expected precisions:

∼ 30% for h→WW , VBF h→ γγ

∼ 20% for VBF h→ ττ

∼ 10% for h→ ZZ, h→ γγ

High-luminosity LHC upgrade

> 2022, → 3000 fb−1/expt.

Add tth channels ∼ 20%, h→ µµ

Improve VBF, V h h→ γγ 15-30%

More careful studies needed for h→ bb.

Also the exclusive ttH,H → µµ channel was studied. While the expected signal rate is only
∼30 events at 3000 fb−1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
the total signal strength of ∼25%.

An overview of the expected measurement precision in each channel for the signal strength µ with
respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)
for assumed integrated luminosities of 300 fb−1 and 3000 fb−1.
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Figure 3: (a): Expected measurement precision on the signal strength µ = (σ × BR)/(σ × BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb−1 and 3000 fb−1. For the ττ final state the thin brown
bars show the expected precision reached from extrapolating all ττ channels studied in the current 7 and
8 TeV analysis to 300 fb−1, instead of using dedicated studies at 300 fb−1 that, together with those made
for 3000 fb−1, are based only on the VBF H → ττ channels.

The γγ and ZZ∗ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The γγ final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ττ channels dedicated studies for 300 fb−1 and 3000 fb−1 were done only for the VBF pro-

5

ATL-PHYS-PUB-2012-004 (European Strategy study)
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For higher precision: high-energy e+e− Higgs “factory”

International Linear Collider:

- e+e− collisions: very clean.

- Linear: no synchrotron radiation.

15+ years globally coordinated R&D

In Canada:

- TPC (tracker) R&D

- calorimeter R&D

- accelerator R&D (TRIUMF)

- theory work

Technical Design Report release June

Serious interest from Japanese govern-

ment to host machine

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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For higher precision: high-energy e+e− Higgs “factory”

Volume 1: Physics 1.3. Modes of Operation of the ILC

Table 1.3.1: Major physics processes to be studied by the ILC at various energies.
The table indicates the various Standard Model reactions that will be accessed
at increasing collider energies, and the major physics goals of the study of these
reactions. A reaction listed at a given energy will of course be studied at all
higher energies. The last column gives the motivation for the use of polarized
beams. Polarization is always an important component of the ILC program, but
for different reasons in different reactions. The codes A, H, L, and B are explained
in the text.

Energy Reaction Physics Goal Polarization

91 GeV e+e− → Z ultra-precision electroweak A

160 GeV e+e− → WW ultra-precision W mass H

250 GeV e+e− → Zh precision Higgs couplings H

350–400 GeV e+e− → tt top quark mass and couplings A
e+e− → WW precision W couplings H
e+e− → ννh precision Higgs couplings L

500 GeV e+e− → ff precision search for Z � A
e+e− → tth Higgs coupling to top H
e+e− → Zhh Higgs self-coupling H
e+e− → χ̃χ̃ search for supersymmetry B

e+e− → AH, H+H− search for extended Higgs states B

700–1000 GeV e+e− → ννhh Higgs self-coupling L
e+e− → ννV V composite Higgs sector L
e+e− → ννtt composite Higgs and top L
e+e− → t̃t̃∗ search for supersymmetry B

programs at series of energies well adapted to individual physics goals. In Table 1.3.1,
we list possible center of mass energies at which the ILC could be run. These
encompass the following:

• 91 GeV and 160 GeV: These energies correspond to the Z resonance and the
threshold for e+e− → W+W−. The ILC is capable of achieving a luminosity
much higher than that of the LEP program of the 1990’s. This motivates
a Giga-Z program, to improve the precision electroweak measurements of Z
asymmetries and couplings by an order of magnitude, and a Mega-W program
to measure the W mass with MeV precision.

• 250 GeV: This energy is the peak of the cross section for the reaction e+e− →

—DRAFT— Last built: March 31, 2013 9

draft ILC TDR (2013)

Multi-purpose program; focus on Higgs physics.

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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e+e− → Zh at peak xsec,
√
s ' 250 GeV: recoil mass method

“Z-tagged” Higgs:

- measure σ(Zh) indepen-

dent of BRs to 2.5%

- measure BRs in inclusive

Higgs sample: no model

assumptions needed

Chapter 2. Higgs Boson
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Figure 2.4.6: Feynman diagrams for the three major Higgs production processes at
the ILC: e+e− → Zh (left), e+e− → ννH (center), and e+e− → e+e−H (right).

measurements of the properties of the Standard-Model-like Higgs boson candidate
found at the LHC.

The precision Higgs program will start at
√

s = 250GeV with the Higgs-strahlung
process, e+e− → Zh (Fig. 2.4.6 (left)).The production cross section for this process
is plotted in Fig. 2.4.7 as a function of

√
s together with that for the weak boson

fusion processes (Figs. 2.4.6-(center and right)). We can see that the Higgs-strahlung
process attains its maximum at around

√
s = 250GeV and dominates the fusion

processes there. The cross section for the fusion processes increases with the energy
and takes over that of the Higgs-strahlung process above

√
s >∼ 400 GeV.

The production cross section of the Higgs-strahlung process at
√

s � 250 GeV is
substantial for the low mass Standard-Model-like Higgs boson. Its discovery would
require only a few fb−1 of integrated luminosity. With 250 fb−1, about 8.×104 Higgs
boson events can be collected. Note that, here and in the rest of our discussion, we
take advantage of the ILC’s positron polarization to increase the Higgs production
rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main
goals of the ILC. Only after this study is completed can we settle the question of
whether the new resonance is the Standard Model Higgs boson, a Higgs boson of a
more general theory, or a particle of a different origin. Particular important for this
question are the values of the Higgs boson mass, mh, and the Higgs production cross
sections and branching ratios.

In this section and the following ones, we will present the measurement accu-
racies for the Higgs boson properties expected from the ILC experiments. These
measurement accuracies are estimated from full simulation studies with the ILD and
SiD detectors described in the Detector Volume of this report. Because these full-
simulation studies are complex and were begun long before the LHC discovery, the
analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
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Figure 2.4.8: Higgs recoil mass distribution in the Higgs-strahlung process e+e− →
Zh, with (a) Z → µ+µ− and (b) Z → e+e−(nγ). The results are shown for
P (e+, e−) = (+30%,−80%) beam polarization. These distributions give the Higgs
boson mass with no assumptions required concerning the Higgs decay modes.
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ILC 250 fb−1 at
√
s = 250 GeV draft ILC TDR (2013) mh = 120 GeV

Chapter 2. Higgs Boson

Table 2.4.2: Expected accuracies for the h boson branching ratios for mh =
120 GeV, obtained with full detector simulations at the

√
s = 250 GeV assum-

ing L = 250 fb−1 and (e−, e+) = (−0.8, +0.3) beam polarization[83,84,85,86]. The
errors on BR include the error on σ of 2.5% from the recoil mass measurement.

mode BR σ · BR (fb) Nevt/250 fb−1 ∆(σBR)/(σBR) ∆BR/BR

h → bb 65.7% 232.8 58199 1.0% 2.7%
h → cc 3.6% 12.7 3187 6.9% 7.3%
h → gg 5.5% 19.5 4864 8.5% 8.9%
h → WW ∗ 15.0% 53.1 13281 8.1% 8.5%
h → τ+τ− 8.0% 28.2 7050 3.6% 4.4%
h → ZZ∗ 1.7% 6.1 1523 26% 26%
h → γγ 0.29% 1.02 255 23-30% 23-30%

simulation results [87,88,89,90,91].

The h decay to invisible final states, if any, can be measured by looking at the
recoil mass under the condition that nothing observable is recoiling against the Z
boson. Higgs portal models predict such decays and provide a unique opportunity
to access dark matter particles [92]. The main background is e+e− → ZZ followed
by one Z decaying into a lepton pair and the other into a neutrino pair. With
an integrated luminosity of 250 fb−1 at

√
s = 250 GeV, the ILC can set a 95% CL

limit on the invisible branching ratio to 4.8% using the golden Z → µ+µ− mode
alone [93]. Using other modes including Z → qq, we could improve this significantly
to 0.8% [94].

The branching fraction measurements discussed so far are still statistics limited.
If we are to improve the measurement precisions by increasing the integrated lu-
minosity by doubling the number of bunches or by running longer, etc., we will
need to estimate the systematic errors that may limit the measurement in particular
for h → bb. The systematic error from the uncertainty in luminosity measurement
should be less than 0.1% and thus negligible. The dominant source of systematic er-
rors is probably that from flavor identification and the separation of Z plus jet signal
from Standard Model backgrounds using the multivariate analysis described above.
We are still in the process of optimizing this analysis, but we expect the systematic
error due to flavor-tagging can be controlled by using the calibration processes ZZ,
Zγ, and WW , all of which have large cross sections. These calibration samples will
also allow us to calibrate and normalize the background estimate.

50 —DRAFT— Last built: March 31, 2013

- BRs to bb (< 3%), ττ , cc (∼ 7%), WW , gg (∼ 9%)
- BRs to ZZ, γγ statistics limited (20-30%)
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Higher energy e+e− collisions:

More statistics

- WBF Higgs production cross section grows

with collision energy.

- ILC luminosity grows with beam energy.
Chapter 2. Higgs Boson
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Figure 2.4.6: Feynman diagrams for the three major Higgs production processes at
the ILC: e+e− → Zh (left), e+e− → ννH (center), and e+e− → e+e−H (right).

measurements of the properties of the Standard-Model-like Higgs boson candidate
found at the LHC.

The precision Higgs program will start at
√

s = 250GeV with the Higgs-strahlung
process, e+e− → Zh (Fig. 2.4.6 (left)).The production cross section for this process
is plotted in Fig. 2.4.7 as a function of

√
s together with that for the weak boson

fusion processes (Figs. 2.4.6-(center and right)). We can see that the Higgs-strahlung
process attains its maximum at around

√
s = 250GeV and dominates the fusion

processes there. The cross section for the fusion processes increases with the energy
and takes over that of the Higgs-strahlung process above

√
s >∼ 400 GeV.

The production cross section of the Higgs-strahlung process at
√

s � 250 GeV is
substantial for the low mass Standard-Model-like Higgs boson. Its discovery would
require only a few fb−1 of integrated luminosity. With 250 fb−1, about 8.×104 Higgs
boson events can be collected. Note that, here and in the rest of our discussion, we
take advantage of the ILC’s positron polarization to increase the Higgs production
rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main
goals of the ILC. Only after this study is completed can we settle the question of
whether the new resonance is the Standard Model Higgs boson, a Higgs boson of a
more general theory, or a particle of a different origin. Particular important for this
question are the values of the Higgs boson mass, mh, and the Higgs production cross
sections and branching ratios.

In this section and the following ones, we will present the measurement accu-
racies for the Higgs boson properties expected from the ILC experiments. These
measurement accuracies are estimated from full simulation studies with the ILD and
SiD detectors described in the Detector Volume of this report. Because these full-
simulation studies are complex and were begun long before the LHC discovery, the
analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
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Figure 2.6.19: Production cross sections for the Higgs-strahlung, e+e− → Zh, the
WW fusion, e+e− → ννH, and ZZ fusion processes as a function of the center of
mass energy for mh = 125GeV and beam polarization (Pe− , Pe+) = (−0.8, +0.2).

1000 GeV will provide a higher statistics sample of Higgs bosons, as discussed above.
We thus expect about 100 events for the h → µ+µ− mode. Since the cross sections
for the e+e− → W+W− → µ+νµµ−νµ and e+e− → ZZ → µ+µ−ff backgrounds
will decrease, while the signal cross section will increase at higher energies, we would
expect a meaningful measurement of the muon Yukawa coupling. An earlier fast
simulation result showed that a 5 σ signal peak would be observed with a 1 ab−1

sample for mh = 120 GeV [122,123]. More recent full simulations by SiD and ILD
showed that indeed we would be able to measure σ × BR(h → µ+µ−) to 32% for
mh = 125GeV even with the full beam-induced backgrounds. Together with the
tau Yukawa coupling from the h → τ+τ− branching ratio, this measurement will
provide an insight into the physics of lepton mass generation. With the charm
Yukawa coupling from the h → cc branching fraction, this also will allow us to probe
the mass generation mechanism for the second generation matter fermions.

The new high-statistics sample of Higgs boson allows branching ratio measure-
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Access to new processes

- tt̄h coupling

- triple-Higgs self coupling
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Figure 2.5.15: Three diagrams contributing to the e+e− → tth process. The h-off-
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is now being developed.

2.5.3 WW fusion and the hWW coupling

As shown in Fig.2.4.7, the WW fusion process takes over the Higgs-strahlung
process at around

√
s = 450 GeV. The cross section for the fusion process is about

160 fb at
√

s = 500 GeV for mh = 120 GeV. Thanks to this large cross section
and the larger luminosity expected at this energy, the fusion process provides a
unique opportunity to directly measure the hWW coupling with high precision.
With an integrated luminosity of 500 fb−1, we can measure this cross section times
the branching fraction to bb to a statistical accuracy of 0.60%. In terms of Higgs
cross sections and branching ratios, the quantity measured is

σ(ννh) · BR(h → bb) ∼ Γ(h → WW ∗) · BR(h → bb) . (2.5.38)

By combining this with the direct branching ration measurements at
√

s = 250GeV,
we will be able to determine the cross section σ(ννh) to an accuracy of 2.7%, which
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As shown in Fig.2.4.7, the WW fusion process takes over the Higgs-strahlung
process at around

√
s = 450 GeV. The cross section for the fusion process is about

160 fb at
√

s = 500 GeV for mh = 120 GeV. Thanks to this large cross section
and the larger luminosity expected at this energy, the fusion process provides a
unique opportunity to directly measure the hWW coupling with high precision.
With an integrated luminosity of 500 fb−1, we can measure this cross section times
the branching fraction to bb to a statistical accuracy of 0.60%. In terms of Higgs
cross sections and branching ratios, the quantity measured is

σ(ννh) · BR(h → bb) ∼ Γ(h → WW ∗) · BR(h → bb) . (2.5.38)

By combining this with the direct branching ration measurements at
√

s = 250GeV,
we will be able to determine the cross section σ(ννh) to an accuracy of 2.7%, which
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ILC baseline design up to
√
s ' 500 GeV.

ILC upgrade to
√
s ' 1000 GeV.
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Full ILC program, mh = 125 GeV draft ILC TDR (2013)

Chapter 2. Higgs Boson

Table 2.6.4: Expected accuracies for cross section times branching ratio measure-
ments for the 125 GeV h boson.

∆(σ · BR)/(σ · BR)√
s and L 250 fb−1 at 250 GeV 500 fb−1 at 500 GeV 1 ab−1 at 1 TeV

(Pe− , Pe+) (-0.8,+0.3) (-0.8,+0.3) (-0.8,+0.2)

mode Zh ννh Zh ννh ννh

h → bb 1.1% 10.5% 1.8% 0.66% 0.47%
h → cc 7.4% - 12% 6.2% 7.6%
h → gg 9.1% - 14% 4.1% 3.1%
h → WW ∗ 6.4% - 9.2% 2.6% 3.3%
h → τ+τ− 4.2% - 5.4% 14% 3.5%
h → ZZ∗ 19% - 25% 8.2% 4.4%
h → γγ 29-38% - 29-38% 20-26% 7-10%
h → µ+µ− 100% - - - 32%

2.7 Summary of measurement precisions expected at ILC

For historical reasons, most of the full simulation studies we discussed above were
done for mh = 120GeV. Given the likelihood that the new particle discovered at the
LHC is a Higgs boson, we would like to know the ILC capabilities for a Higgs boson
of mass 125 GeV. These can be obtained by extrapolation of the full-simulation
results, taking into account the changes in the signal and background as well as
the changes in the pattern of Higgs boson branching ratios as the assumed mass is
changed. The extrapolated results for the σ ·BR measurements at different energies

Table 2.6.5: Expected accuracies for top Yukawa and self-coupling measurements
of the 125GeV h boson. The current analyses use the h → bb mode only.

process
√

s [GeV] L [ab−1] (Pe− , Pe+) ∆(σ · BR)/(σ · BR) ∆g/g

tth 500 1 (-0.8,+0.3) 25% 13%
Zhh 500 2 (-0.8,+0.3) 32% 53%
tth 1000 1 (-0.8,+0.2) 8.7% 4.5%
ννhh 1000 2 (-0.8,+0.2) 26% 21%
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tth and double-Higgs: only h→ bb final state analyzed so far.
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Summary: measuring the Higgs couplings

- Do a fit of all available channels.

- LHC: must make theory assumption to constrain total width.

- LHC precisions ∼10%; ILC precisions ∼1–few%
Volume 1: Physics 2.8. Conclusion
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Figure 2.8.20: Estimate of the sensitivity of the ILC experiments to Higgs boson
couplings in a model-independent analysis. The plot shows the 1 σ confidence
intervals as they emerge from the fit described in the text. Deviation of the central
values from zero indicates a bias, which can be corrected for. The upper limit on
the WW and ZZ couplings arises from the constraints (2.3.31). The bar for the
invisible channel gives the 1 σ upper limit on the branching ratio. The four sets of
errors for each Higgs coupling represent the results for LHC (300 fb−1, 1 detector),
the threshold ILC Higgs program at 250 GeV, the full ILC program up to 500 GeV,
and the extension of the ILC program to 1 TeV. The methodology leading to this
figure is explained in [65].
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Peskin, 1207.2516. LHC is 300 fb−1, includes Sep 2012 European Strategy submissions.
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Conclusions

Precision Higgs coupling measurements will let us learn about

the vacuum condensate(s) and how they couple to SM particles.

- Is our Higgs fully responsible for generating the masses of W , Z, fermions?

- Is our Higgs the only excitation of the vacuum condensate?

- Is there other stuff out there that couples to our Higgs?

Higher precision buys us better reach for New Physics.

- Opportunity to shed light on TeV scale.

- Solution of hierarchy problem?

- Electroweak baryogenesis?

- Any hints about flavour, neutrino masses, or dark matter?

With the Higgs discovery we finally have a piece of the vacuum!

An experimental opportunity worth taking full advantage of.
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Higgs mass dependence

Variation of SM Higgs BRs with Mh due to kinematics:
Precision Higgs mass measurement is important!
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1 GeV uncertainty in Mh ⇒ 5% uncertainty in κb/κW .
100 MeV uncertainty in Mh ⇒ 0.5% uncertainty in κb/κW .
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For higher precision: e+e− Higgs “factory”

ILC: 250 fb−1 at 250 GeV: peak of e+e− → Zh cross section

- “Tagged” Higgs: measure σ(Zh) independent of BRs to 2.5%

- BRs to bb (< 3%), ττ , cc (∼ 7%), WW , gg (∼ 9%)

- BRs to ZZ, γγ statistics limited (20-30%)

ILC: 500 fb−1 at 500 GeV:

- WBF e+e− → νν̄h: Γtot from combining with BR(WW )

- e+e− → tth for top quark Yukawa coupling

- e+e− → Zhh for Higgs self-coupling (∼ 27% with 2000 fb−1)

ILC upgrade: 1000 fb−1 at 1000 GeV:

- ultimate precision on σ×BRs

- e+e− → νν̄hh for Higgs self-coupling (∼ 20% with 2000 fb−1)
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Σ is formally dimensionless (in terms of fields).

Can add powers of an extra scalar field h up to dimension 4:

L = −1

4
BµνB

µν − 1

4
W a
µνW

aµν − 1

4
GaµνG

aµν + ψ̄iDµγµψi

+ (DµΣ)† (DµΣ)

(
1 + a

2h

v
+ b

h2

v2

)
− yijψ̄iΣψj

(
1 + c

h

v

)

Unitarity of tree-level scattering amplitudes:

VLVL → VLVL is unitarized by h if a = 1

VLVL → ff̄ is unitarized by h if c = 1

VLVL → hh is unitarized if b = a2

With a = b = c = 1, can absorb h into the Σ field to make a

“linear sigma model”, i.e., the Standard Model Higgs field:

Σ = e−iξ
a(x)σa/v

(
0

(v + h)/
√

2

)
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What is the Higgs mass?

Upper bound on Higgs mass from V V → V V : Lee, Quigg, Thacker 1977

M2
h ≤

8πv2

3
' (710 GeV)2

Coupled channel analysis, |Re a0| ≤ 1/2, v ' 246 GeV.

Electroweak fit in the SM:

Sensitive to Mh through 1-loop correc-

tions to W and Z propagators.

Logarithmic dependence on Mh:

Mh . 160–200 GeV

(known since late ’90s)

Constraint valid only in SM: fit to one

remaining free parameter.
0
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∆χ
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∆αhad =∆α(5)

0.02750±0.00033

0.02757±0.00010

incl. low Q2 data

Theory uncertainty
    

LEP Electroweak Working Group, Winter 2012
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What do we learn by measuring Higgs couplings?

- Is our Higgs fully responsible for generating the masses of W ,

Z, and fermions?

- Is our Higgs fully responsible for unitarizing longitudinal gauge

boson scattering?

- Is our Higgs the only excitation of the vacuum condensate?

Is there other physics needed to complete any of these?

(and if so, what is its energy scale?)

- Is there other stuff out there that couples to our Higgs?
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Why fit to specific models?

Specific models correspond to a lower-dimensional “slice” through

the most general (e.g., 5+2 dimensional) Higgs coupling param-

eter space.

- Test overall (in-)consistency with a model’s coupling pattern

- Get much tighter constraints on a few model parameters than

on many independent Higgs couplings

Ideal world: do general fit plus all of the above!

Ultimate test of LHC Higgs coupling sensitivity is the “decoupling

limit” of small deviations from SM couplings.
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This can be interpreted in concrete non-SM Higgs models

Type-II, lepton-specific, “flipped” 2HDMs:

Only 2 underlying free parameters (mixing angles α and β),

plus small contribution of H+ to h→ γγ loop

hWW , hZZ ∝ a = sin(β − α)

Type-II: ht̄t ∝ c1 = cosα/ sinβ; hb̄b, hττ ∝ c2 = − sinα/ cosβ

has a top-phobic limit

Leptonic: ht̄t, hb̄b ∝ c1; hττ ∝ c2 has a tau-phobic limit

Flipped: ht̄t, hττ ∝ c1; hb̄b ∝ c2 has a bottom-phobic limit

Can do 2-parameter fits within the model

(or 3-parameter, including new loop contribution to hγγ);

test relative consistency of different model coupling patterns.
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Unobserved final states cause a “flat direction” in the fit.

Allow an unobserved decay mode while simultaneously increasing
all couplings to SM particles by a factor a:

Rateij = a2σSM
i

a2ΓSM
j

a2ΓSM
tot + Γnew

Ways to deal with this:
- assume no unobserved decays

(ok for checking consistency with SM, but highly model-dependent)

- assume hWW and hZZ couplings are no larger than in SM
(valid if only SU(2)-doublets/singlets are present)

- include direct measurement of Higgs width
(only works for heavier Higgs so that Γtot > expt. resolution;

ΓSM
tot ' 4 MeV for 125 GeV Higgs)

No known model-independent way around this at LHC.
[Can we measure h→ jets? Boosted object techniques?]

(ILC gets around this using decay-mode-independent measurement of e+e− →
Zh cross section from recoil-mass method.)
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This can be interpreted in concrete non-SM Higgs models

SM Higgs mixed with a gauge-singlet scalar:

- Overall 1-parameter scaling of all couplings by 0 ≤ cos θ ≤ 1.

- BRs stay unchanged; rates scaled by cos2 θ ≡ µ = σ/σSM

→ Expect to find the orthogonal state somewhere!

SM Higgs with unobserved/invisible decays (e.g. to dark matter):

- Production rates unchanged

- BRs scaled by ΓSM/(ΓSM + Γnew) ≡ µ = σ/σSM

unless new decay mode is picked up by SM signal/background selections and

modifies kinematic shapes.

→ Expect to observe invisible decay channel in a missing-energy search!
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This can be interpreted in concrete non-SM Higgs models

Composite Higgs models:

MCHM4: a =
√

1− ξ, c = (1− 2ξ)/
√

1− ξ
MCHM5: a =

√
1− ξ, c =

√
1− ξ

Only one underlying parameter: can do a 1-dimensional fit for ξ

Type-I 2HDM:

a = sin(β − α)

c = sin(β − α) + cotβ cos(β − α)

Additional effect in 2HDM-I:

H+ gives small contribution to h→ γγ loop (neglected here).
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Going beyond fermion universality: let ḡt 6= ḡb

duλ
-2 0 2

uκ
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CMS December 2012

3 parameters: κV = ḡV , κu = ḡt, λdu = ḡb/ḡt.

(Marginalized over the unshown parameter.)
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This can be interpreted in concrete non-SM Higgs models

Type-II 2HDM or MSSM:

ḡV = sin(β − α)
ḡt = sin(β − α) + cotβ cos(β − α)
ḡb = ḡτ = sin(β − α)− tanβ cos(β − α)

Only 2 underlying free parameters

(mixing angles α and β):

can do a 2-dim fit for α and β!

Warning: theorist-made fit →

Additional effect in 2HDM-II:

H+ gives small contribution to h→
γγ loop (neglected here).
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FIG. 13: Allowed regions in the α− tan β plane in Type I (a), Type II (b), Lepton Specific (c), and

Flipped (d) 2HDMs obtained by minimizing the χ2 with no restrictions from flavor physics. The

region between the black, blue, and red lines is allowed at 99%, 95%, and 68% confidence level.

21

Chen and Dawson, 1301.0309
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SM Higgs mixed with a gauge-singlet scalar:

h = φ cos θ − s sin θ H = φ sin θ + s cos θ

Couplings of h: ḡV = ḡf = cos θ

Couplings of H: ḡV = ḡf = sin θ

- Constrain cos2 θ ≡ σ/σSM of discovered state h.

- Predict production cross section σ(H) = sin2 θ σSM.

- BRs of H are same as SM Higgs (unless H → hh).

- Total width of H is ΓH = sin2 θΓSM (unless H → hh).

Dedicated searches for H: probe σ/σSM as function of MH, ΓH.
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Two Higgs doublet models:

h = − sinαφ1 + cosαφ2 H = cosαφ1 + sinαφ2

Vector couplings of h: ḡV = sin(β − α)
Vector couplings of H: ḡV = cos(β − α)

Type I:

Fermion couplings of h: ḡf = sin(β − α) + cotβ cos(β − α)
Fermion couplings of H: ḡf = cos(β − α)− cotβ sin(β − α)

Type II or MSSM:

Fermion couplings of h: ḡt = sin(β − α) + cotβ cos(β − α)
Fermion couplings of h: ḡb = sin(β − α)− tanβ cos(β − α)
Fermion couplings of H: ḡt = cos(β − α)− cotβ sin(β − α)
Fermion couplings of H: ḡb = cos(β − α) + tanβ sin(β − α)

Constrain couplings of h −→ predict production and decays of H
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Mass of H is constrained by same physics as SM Higgs mass.

WW →WW scattering:

If a 6= 1, h only partly unitarizes WW →WW . Job finished by H.

M2
H . 4πv2

|1− a2| '
(870 GeV)2

|1− a2|

Electroweak fit:
3
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FIG. 1: We show above the area in the s2
h − mH plane

allowed by electroweak precision tests at the 90% CL in the
presence of a mixed-in singlet Higgs boson. We also show
the detectability curve (solid line) above which the scalar H
is detectable with 100 fb−1 data at the 14 TeV LHC. The
maximum allowed s2

h-value that can both evade detection and
be consistent with precision electroweak constraints is thus
given by the intersection of the two lines and is s2

h = 0.12.

lagrangian contains higher dimensional operators involv-
ing SM fields that supplement the SM lagrangian. It is
characterized by two independent parameters: the mass
of the new resonances mρ and their coupling gρ. The
decay constant f , which is analogous to the pion decay
constant fπ, is given by,

mρ = gρf (7)

where gρ ≤ 4π.

Here we do not list all the operators in the SILH la-
grangian but only those relevant to us, i.e those that
affect the Higgs couplings in the leading order or those
that constrain mρ,

LSILH =
cH

2f2
∂µ(H†

SMHSM )∂µ(H†
SMHSM )

+
cyyf

f2
H†

SMHSM f̄LHSMfR

+
cSgg�

4m2
ρ

(H†
SMσIHSM )BµνW

Iµν + h.c...(8)

where yf is the Yukawa coupling of fermion f to the
Higgs boson, g and g� are the SU(2) and the U(1) gauge
couplings, and σI the Pauli matrices. HSM , fL, fR,
Bµν and W Iµν denote the Higgs doublet, the left-handed
and right-handed fermion fields and the U(1) and SU(2)
gauge field strength, respectively. The coefficients of the
above operators have been estimated using Naive Dimen-
sional Analysis (NDA) [19, 20] such that the couplings
cH , cy and cS are expected to be O(1) numbers. Note
that the operator with the coupling cS does not appear
in the list in Ref. [19] as a different basis has been used
in Ref. [19]. The coupling cS is a linear combination of
the couplings cW and cB in Ref. [19]. The operators with

coefficients cH and cy lead to the leading deviations in
Higgs couplings with respect to the SM,

∆gV

gSM
V

= −cHξ/2 + . . . (9)

∆gf

gSM
f

= −cHξ/2 − cyξ + . . . (10)

∆gg

gSM
g

= −cHξ/2 − cyξ + . . . (11)

∆gγ
gSM
γ

= −cHξ/2 − cyξ

1 + Jγ(m2
H)/Iγ(m2

H)
+ . . .

= −cHξ/2 + 0.3 cyξ + . . . (12)

where ξ = v2/f2 = g2
ρv

2/m2
ρ and gV , gf , gg and gγ are

the Higgs couplings to gauge bosons, fermions, gluons
and photons, respectively. ∆gX denotes the difference
between the coupling gX and gSM

X with X = V, f, g, γ
where gSM

g and gSM
γ are loop-induced couplings. The

vacuum expectation value v is v � 246 GeV. We have
kept terms only up to first order in ξ. In the last equa-
tion, Iγ and Jγ are functions related to the top and
W -loops in hγγ diagrams whose explicit forms can be
found in Ref. [19]. In the second line of the same equa-
tion we have substituted the values of Iγ and Jγ taking
mh = 125 GeV. For phenomenologically relevant cases
it has been shown in Ref. [22] that cH is always posi-
tive (an exception are models in the presence of a doubly
charged scalar field) so that this operator always leads to
suppression of composite Higgs couplings with respect to
the SM. Note that for the hgg and hγγ couplings (i.e
gg and gγ), the respective contributions from the op-

erators, (HSM
†HSM )GIµνGI

µν and (H†
SMHSM )FµνFµν ,

GIµν and Fµν being the gluon and the photon field
strength, are sub-dominant, as they are suppressed re-
spectively by y2

t /g2
ρ and g2/g2

ρ factors [19].

Now let us look at existing constraints and future LHC
reach for the above parameters. The coupling cS/m2

ρ

above is proportional to the precision electroweak pa-
rameter S. From the constraints on the S-parameter, we
can derive the following constraint on mρ [19],

mρ � 3 TeV. (13)

Note that the constraint from the T -parameter is more
severe but this is avoided by imposing custodial symme-
try in specific composite Higgs models. There is another
contribution to precision observables due to the fact that
the cancellation of divergences between the Higgs and
gauge boson contributions that takes place in the SM, no
longer occurs for a composite Higgs boson with reduced
couplings to the gauge bosons. This leads to logarithmi-
cally divergent contribution to precision observables [23].
The constraint due to this effect has been evaluated in
Fig.1.14 in Ref. [21] at the 99% CL. At 90% CL the same

SM + singlet:

S = a2SSM(Mh) + (1− a2)SSM(MH)

Similar for T parameter.

Depends on log(MH).

2HDM: Similar effects;

additional contrib’ns from H±, A0

Can evade limit with new physics.
Gupta, Rzehak, Wells, 1206.3560
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Higgs couplings beyond the Standard Model

Composite Higgs:

- Strongly-interacting sector contributes to gauge boson & fermion

masses along with h

- Deviations in couplings ḡV , ḡf 6= 1 can be parameterized in

terms of higher-dimensional operators: ∼ 1 +O(v2/f2)

f = scale of strong interactions; typically f � v.

Examples:

- Little Higgs models

(also often contain additional Higgs doublets, triplets)

- 5-dimensional Composite Higgs models
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