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Eleven years since the discovery of the Higgs boson at the LHC, 
roughly 9 million Higgs bosons having been produced in Runs 1 
and 2 (although only about 0.3% of these produced Higgs bosons 
can be detected by the ATLAS and CMS Collaborations).   

Measurements of total and differential cross sections, branching 
fractions, and other properties of the Higgs boson have revealed 
the existence of a scalar particle that closely resembles the 
predicted Higgs boson of the Standard Model (SM).   Nevertheless, 
the current accuracy of the Higgs data still leaves plenty of room 
for possible deviations from the SM.

Where do we stand today?



Summary of ATLAS Higgs boson data from Run 2 at the LHC



Reduced Higgs coupling 
modifiers compared to 
their corresponding 
prediction from the 
Standard Model (SM). 
The error bars 
represent 68% CL 
intervals for the 
measured parameters. 
In the lower panel, the 
ratios of the measured 
coupling modifiers 
values to their SM 
predictions are shown. 
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Run 3 of the LHC (2022—2025) anticipates doubling the size 
of the Run 2 Higgs data set.  The High Luminosity (HL) LHC 
ultimately expects a total integrated luminosity of about 20 
times the size of the Run 2 Higgs data set.

Even with such an increase in the precision of Higgs 
measurements, some of the most pressing questions 
associated with the Higgs boson may lie beyond the LHC.

Future high energy e+e- colliders now under consideration 
can provide the critical next step in pursuing the 
fundamental questions associated with Higgs boson physics. 

Looking Forward…







Goals of future Higgs studies

The Higgs sector is likely to be involved with many of the 
unanswered questions of fundamental physics that cannot 
be addressed by the SM.   These include CP violation and 
baryogenesis, the origin of flavor, neutrino masses, the origin 
of the electroweak symmetry breaking (EWSB) scale, early 
universe dynamics, etc.  

Precision studies of the Higgs boson properties will play a 
critical role in revealing deviations from the Standard Model 
that can provide important clues for constructing a more 
fundamental theory of physics beyond the SM (BSM). 



How the effects of BSM physics are reflected in precision Higgs studies

1. Accessing a new (higher) mass scale via decoupling.
Ø If v= 246 GeV is the scale of EWSB and M is the mass scale of new 

BSM physics, then deviations from the SM (viewed as an effective 
low-energy theory) are typically suppressed by v2/M2.

2. Accessing a new (feeble) coupling via the Higgs portal.
Ø If ɸ is the doublet Higgs field of the SM, then ɸ†ɸ is a SM gauge 

group singlet that can couple to a “dark” sector.  If D is a a singlet 
field then a term ɸ†ɸ f(D) in the Lagrangian generates a mixing of 
the SM Higgs field ɸ with new BSM fields thereby modifying the SM 
couplings of the Higgs boson. Note that D can be a composite field 
operator made up of fields with nonzero SM gauge charges.





What is the target precision for future Higgs studies?

ØThe current LHC Higgs data has reached a level of roughly 10% precision 
in measurements of signal strengths.   Note that if, e.g., M = 2 TeV, then 
v2/M2 ⋍ 0.015.  It is not surprising that current LHC measurements of 
Higgs couplings are not particularly sensitive to new TeV-scale physics. 

ØDeviations from SM behavior will only be convincing if the dominant 
uncertainties are statistical (which can be further improved with more 
data).  Future e+e- colliders provide this opportunity due to their 
relatively clean environment and two dominant production mechanisms 
(e+e- → Z h and W*W* → h).



Example: The CP-conserving 2HDM

The two-Higgs doublet model (2HDM) consists of two Y = 1

scalar doublet fields Φ1 and Φ2. In the Higgs basis, one defines

two new linear combinations {H1,H2} where 〈H0
1〉 = v/

√
2 and

〈H0
2〉 = 0, with v $ 246 GeV. If ϕ0 ≡

√
2ReH0

1 − v were a mass

eigenstate, then its tree-level properties would coincide with those

of the SM Higgs boson.

The scalar potential contains the term

V ⊃ 1
2Z1(H†

1H1)
2 +

{

Z6(H†
1H1)(H†

1H2) + h.c.
}

,

which generates mixing between ϕ0 and
√
2ReH0

2.



Denoting the two CP-even neutral scalar mass eigenstates by h

and H (with mh < mH)




H

h



 =





cβ−α −sβ−α

sβ−α cβ−α









√
2 Re H0

1 − v
√
2Re H0

2



 .

If h is SM-like, then m2
h # Z1v2 (i.e., Z1 # 0.26) and

|cβ−α| =
|Z6|v2

√

(m2
H −m2

h)(m
2
H − Z1v2)

#
|Z6|v2

m2
H −m2

h

$ 1 ,

This is the so-called Higgs alignment limit, which is achieved if

1. m2
H % |Z6|v2, corresponding to the decoupling limit ; and/or

2. |Z6|$ 1, corresponding to a feeble Higgs portal coupling.



LHC constraints on Higgs alignment in the 2HDM

Regions excluded by fits to the measured rates of the productions and decay of the Higgs

boson (assumed to be h of the 2HDM). Contours at 95% CL. The observed best-fit values for

cos(β −α) are −0.006 for the Type-I 2HDM and 0.002 for the Type-II 2HDM. Taken from

ATLAS Collaboration, ATLAS-CONF-2021-053 (2 November 2021).



Deviations of the couplings of h from their SM values

Lint ⊃
(

gmWW+
µ Wµ− +

g

2cW
mZZµZ

µ

)

sβ−αh

−U
{

MU

v
sβ−α +

1√
2
cβ−α

[

ρUPR + (ρU)TPL

]

}

Uh

−D
{

MD

v
sβ−α +

1√
2
cβ−α

[

(ρD)TPR + ρDPL

]

}

Dh ,

where PR,L ≡ 1
2(1± γ5) and the mass-eigenstate quark fields are

D = (d, s, b)T, U ≡ (u, c, t)T, with corresponding diagonal mass

matrices MF and independent Yukawa matrices ρF (F = U,D).

Note that for Type I Yukawa couplings, ρF =
√
2MF cotβ/v.

For Type II Yukawa couplings, replace cotβ with − tan β in ρD.



In the decoupling limit, cβ−α ∼ v2/M2, where M is the mass

scale of the heavy scalars of the 2HDM. Thus,

ghV V ∼
v4

M4
, ghFF ∼

v2

M2
.

The hFF couplings can be further enhanced in some cases. For

example, in the Type II 2HDM,

ghUU ∼
v2 cotβ

M2
, ghDD ∼

v2 tan β

M2
.



A Landscape of possible future e+e- colliders



Higgs boson production processes at the ILC



Relative Higgs coupling measurements in % at various future colliders (when combined 
with HL-LHC results) based on on the kappa framework.  Taken from the Snowmass 2021 
Report of the Topical Group on Higgs Physics for the Energy Frontier.



Importance of higher dimensional operators
       
           example: h Z Z vertex 

           where the form factors F1 , F2  and F3 depend on Lorentz invariant
           combinations of the kinematic variables.

F1 corresponds to the tree-level SM interaction, 

F2  corresponds to the CP-even effective interaction, 

F3  corresponds to the CP-odd effective interaction, 

             Caution: Higher dimensional operators in SMEFT may not account for all 
BSM     BSM Higgs phenomena if additional relatively light scalars exist. 



Higgs boson coupling uncertainties based on a SMEFT analysis

The set of SMEFT operator coefficients is taken as a subset of

the full set of dimension 6 operators in the Warsaw basis. The

effective Lagrangian is given by L = LSM + L6 where

L6 = LH + LW,B + LΦ! + LΦq + LΦf + Lg .

The dimension 6 terms depending only on the Higgs and vector

boson fields are:

LH =
cH
2v2

(

∂µΦ
†Φ

)2
+

cT
2v2

(

Φ†←→D µΦ
)(

Φ†←→D µΦ
)

−
λc6
v2

(

Φ†Φ
)3

LW,B =
g2cWW

v2
(

Φ†Φ
)

W a
µνW

aµν +
2gg′cWB

v2
(

Φ†taΦ
)

W a
µνB

µν

+
g′2cBB

v2
(

Φ†Φ
)

BµνB
µν +

c3W
6v2

εabcW
aν
µ W bρ

ν W cµ
ρ



Terms depending on the Higgs fields and the electron fields are:

LΦ! =
cΦL

v2

(

Φ†i
←→
D µΦ

)

(

L̄†γµL
)

+
4c′ΦL

v2

(

Φ†tai
←→
D µΦ

)

(

L̄†taγµL
)

+
cΦE

v2

(

Φ†i
←→
D µΦ

)

(

ē†γµe
)

where L and e are the left- and right-handed fields of the first
lepton generation and ta = σa/2 is the weak isospin generator.
The dimension 6 term that shifts the Higgs-τ Yukawa coupling is

LΦτ =
yτcτ
v2

(

Φ†Φ
) (

L̄τ · Φeτ
)

and the other operators that contribute to scalar couplings are
constructed in a similar way. The operator

Lg =
g2scgg
v2

(

Φ†Φ
)

Ga
µνG

aµν

shifts the Higgs boson partial width to gluons.





“Despite their different strategies, all e+e- Higgs factory proposals lead 
to very similar projected uncertainties on the Higgs boson couplings. 
The higher luminosity proposed for circular e+e- machines is 
compensated by the advantages of polarization at linear colliders, 
yielding very similar projected sensitivity for the precision of Higgs 
couplings. In combination with the measurement of the rate of Zh 
events with an h → ZZ decay, a model-independent determination of 
the Higgs total width can be obtained at an e+e- collider. The analysis of 
the other Higgs decays similarly provides a set of model-independent 
Higgs partial width and coupling measurements.”

As noted in the Snowmass 2021 Report of the Topical Group on 
Higgs Physics for the Energy Frontier:

Remark: regarding the last point above, a precision measurement of the Higgs mass is needed to 
compare the experimentally measured e+e- → Zh cross section with the theoretical prediction.



Taken from “The 
International Linear 
Collider: Report to 
Snowmass 2021”



A number of specific models 
with large Higgs coupling 
deviations due to new 
particles that are out of 
reach at the HL-LHC were 
collected in T. Barklow et al., 
arXiv:1708.08912.

Visualization of the deviations of Higgs 
couplings from the SM for the new physics
discussed in arXiv:1708.08912, compared 
to the uncertainties in the measurements
expected from a fit to ILC data at 250 and 
500 GeV.

https://arxiv.org/abs/1708.08912
https://arxiv.org/abs/1708.08912


What if additional light states are present?

ØHiggs boson decays into dark sector particles

ØHiggs boson decays into new light states
o h→ aa (e.g. N2HDM, NMSSM, etc.)
o h →ɣ ɣd       (ɣd = dark photon)

ØOther new scalars [H(95)?]

Invisible Higgs decays are accessible at a Higgs factory via e+e- → Zh 
production, where the recoiling Z tags the Higgs events.



Taken from CMS PAS HIG-20-002



Importance of the Triple Higgs (hhh) coupling

In the Standard Model, the 
dynamics of EWSB is 
governed by the Higgs scalar 
potential.   However, we have 
very limited experimental 
information on the shape of 
this potential away from its 
minimum.

The hhh coupling provides 
critical information on the 
nature of the electroweak 
phase transition.

Figure courtesy of Johannes Braathen



Key ingredients for electroweak baryogenesis

ØStrong first order electroweak phase transition

ØNew sources of CP-violation (consistent with limits on the edm of 
the electron)

Requires new BSM physics that generates an enhancement of the hhh 
coupling (denoted by 𝜅λ).  Examples include extended Higgs sectors 
which can induce large radiative corrections to hhh coupling in certain 
parameter regimes.

Added benefit: a strong electroweak phase transition can yield a 
detectable gravitational wave signal (in future experiments such as LISA).



Measuring the hhh coupling via DiHiggs and Zh production
ØDiHiggs production

ØOne-loop correction to Z* → Zh production
 

Taken from Matthew McCullough, arXiv:1312.3322



What information can the LHC provide on 𝜅λ?









Taken from 
Physics Briefing 
Book (Input for 
the European 
Strategy for 
Particle Physics 
Update 2020), 
arXiv:1910.11775

https://arxiv.org/abs/1910.11775


Parting Messages
Ø “The case for an e+e- Higgs factory is strong today, but it can be made 

stronger with concerted effort, especially in the relation between models 
and their impact on the Higgs properties.”  (Michael Peskin)  

ØPrecision Higgs measurements at an e+e- Higgs factory can potentially yield 
deviations from the SM that indicate the existence of new, undiscovered 
particles at the TeV scale that lie beyond the reach of HL-LHC.

ØHiggs factories also provide sensitive probes of new feebly-interacting 
particles via the Higgs portal.

ØAt e+e- Higgs factories with CM energies of 500 GeV and above, access to the 
triple-Higgs coupling and probes of new (scalar-mediated) sources of CP 
violation can address the nature of the electroweak phase transition.


