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Only four years ago, in the fall of 2011, it was a
popular theme for discussion among particle
physicists that the Higgs boson did not exist.

Searches at the LHC had eliminated most of
allowed range for the Higgs boson mass. Only a

small corner remained in which the Higgs could
hide.

Today, the situation could not be more different.
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Tests of qualitative properties predicted for
the Higgs boson:

YY decay mode v

L. decay mode o/

WW decay mode v

T+T- decay mode v

bb decay mode preliminary

tt coupling indirectly, through gg

spin-parity 0+ 4



variables for the CMS
spin analysis in
h— 27 =070~ 070~
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The quantitative measure for used today for Higgs
coupling values is the “signal strength”

(A, B) = oc(AA — h)BR(h — BB)

(SM expectation)
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Today, received opinion in high-energy physics goes to
the other extreme. The Higgs boson is discovered, it is
Standard-Model-like, and its story is closed.

My view of the current situation is rather different.

| see the status of the Higgs boson as similar to that of
the Cosmic Microwave Background in the late 1980’s.

The Higgs boson is required by the Standard Model, and
it important to have its existence confirmed. Viewed at
low precision, the Higgs boson must meet the simplest
expectations. Only when we reach a required higher
level of precision does the picture of the Higgs boson
become richer and more instructive.



It is the purpose of this series of conferences to

describe the patterns present in the Higgs coupling
strengths that we will eventually search for in the

experimental data.

In this lecture, | will give a broad-brush overview of
this subject.



Today, we do not know whether electroweak spontaneous
symmetry breaking is due to a single scalar field or to a
more complicated, even strongly interacting, sector.

We do understand that this is a central -- in my opinion,
the central -- question today in particle physics.



In a lecture at the 1981 Lepton-Photon Conference,
Lev Okun described this structure with the symbol:

He emphasized that

the search for and study of
the Higgs boson was
“problem #1” in particle
physics.

Half of the Standard Model
is governed by the gauge
principle, which gives us a
tight structure and perfect
knowledge.

m

About the other hand, we are ignorant.



Gauge principle / Vacuum structure

Maxwell’s W, Z mass
equations Quark masses
Quantum and mixings
numbers CP violation
Parity
violation L, B violation
W, Z boson
Asymptotic @ Dark energy
freedom

Standard Model is Standard Model is
all-powerful Dark matter ¢ impotent



It would seem that is should not be difficult to
determine whether the Higgs sector contains one field
or many, elementary or composite.

However, there is a barrier:
the “Decoupling Theorem” of Howard Haber

If the Higgs sector contains one light boson of mass

mp = 125 GeV

and many heavy particles with minimum mass M ,

the light boson has properties that agree with the SM
predictions up to corrections of order

m%/J\J2



Proof:

Integrate out the heavy fields. The result is the SM,
plus a set of operators of minimum dimension 6.

Implication:

In most models of an extended Higgs sector or other
new particles, the corrections to the Higgs couplings
are at the few-% level. Precision measurement is
needed to see these corrections.

However:
The pattern of corrections is different in different

schemes for new physics models. There is much to
learn if we can see this pattern.



Given the mass of the Higgs boson, the Standard Model
makes a precise set of predictions for the couplings.
These should be considered as reference values for
precision measurements.

For a Higgs boson of mass 125 GeV, the prediction for the
total width is 1'y, = 4.1 MeV

The branching fractions are predicted to be

bb 58% = 6.3% 0% 0.23%
Ww=*  21% CcC 2.9% vZ 0.15%
qq 8.6% Z7Z*  2.6% = 0.02%

Many decay modes of the Higgs will eventually be visible,
and measurable. F. Gianotti: “Thank you, Nature.”



The study of the deviations from these predictions is
guided by the idea that each Higgs coupling has its own
personality and is guided by different types of new
physics. This is something of a caricature, but, still, a
useful one.

fermion couplings - multiple Higgs doublets

gauge boson couplings - Higgs singlets, composite Higgs
VY, gg couplings - heavy vectorlike particles

tt coupling - top compositeness

hhh coupling (large deviations) - baryogenesis



In a model with two Higgs doublets, the physical states
are mixtures of the two fields

o Qo hO,HO tan 0 = vy, /vg
mixing angle B: a0 A0 gt HE

Then the coupling modifications are

SIn o My,

g(bb) = g(ce) =

cos v

In full models such as SUSY, the two angles are not

independent. In fact, typically,
SN &

COS O¢ M.

sin 8 v

9
m

=1 —Z
cos 3 +O(m?4)

- 200 GeV \
ghbb _ dh ~ 14 40% ( € )
Ghgnbb GhsmTT
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Kanemura, Tsumura, Yagyu, Yokoya



Loops with b,t squarks and gluinos can also modify this
vertex, especially at large tan B.
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The coupling of the Higgs boson to vector bosons is
similarly simple in the SM:

2 2
g(hVV) = 22V

U

Corrections from models with an extended Higgs sector
are usually small, since it is the lightest Higgs that has
the largest vacuum expectation value. In SUSY,



Still, the hWW and hZZ coupling can obtain corrections
from a number of sources outside the SM.

Mixing of the Higgs with a singlet gives corrections
g(hVV) ~ cos ¢ ~ (1 — ¢*/2)

These might be most visible in the hVV couplings.
Similarly, field strength renormalization of the Higgs can
give 1% level corrections (Craig and McCullough).

If the Higgs is a composite Goldstone boson, these
couplings are corrected by (f ~ 1 TeV)

ghVV) = (1 —0?/fAHY2 =1 —-0%/2f2 ~ 1 - 3%



The decays
h—gg9, h—~y, h—~Z°

proceed through loop diagrams.

3 fJg V Y

The loops are dommated by heavy particles that the
Higgs boson cannot decay to directly.

However, again, decoupling puts a restriction:

Only the heavy particles of the SM, thatis, t, W, Z,
get 100% of their mass from the Higgs. For BSM
particles suchas ¢ or T , the contribution to these
loops is proportional to the fraction of their mass that

comes from the Higgs vev.



Then, for example, a vectorlike T quark contributes

1T
g(hgg)/SM =1+ 2.9%( eV)z
mr
9(hy)/SM = 1= 0.8%(*—" )
mo

A complete model will have several new heavy states,
and mixing of these with the SM top quark. For
example, for the “Littlest Higgs” model

g(hgg)/SM =1 — (5 —9%)
g(hyy)/SM =1 — (5 —6%)
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Littlest Higgs model

I'(H—gg)/ SM
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In composite Higgs models, the shifts in the yy and gg
partial widths come both from the modification of the
top quark coupling and from the contributions of heavy
vectorlike particles.

These effects are disentangled by direct measurement
of the Higgs coupling to tt.

Substantial effects are expected in models of partial
top compositeness, as in Randall-Sundrum models.
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The Higgs self-coupling is a special case in this story.

Whereas we can expect the other Higgs couplings to be
measured at the percent level, the hhh coupling is much
more difficult to access.

The current expectation for ILC is a 16% measurement
with 2000/fb at 1 TeV. Though it is expected that the
LHC will have some sensitivity to this coupling, this has
not yet been demonstrated (see ATL-PHYS-PUB-2014-019).

However, order-1 deviations in the hhh coupling are
expected in some scenarios, in particular, in models of
baryogenesis at the electroweak scale. These may be the
only models of baryogenesis testable with accelerator
data.
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Putting all of these effects together, we find patterns
of deviations from the SM predictions that are
different for different schemes of new physics.

For example:
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There is one more question on the theory side that
we must address:

In order to measure a deviation from the Standard
Model expectation, we must be able to compute the
Standard Model reference values to better than 1%
accuracy. Will this actually be possible ?

This has been questioned in the literature, especially
for I'(h — bb), for which a very accurate value of
the b quark mass is needed.



There are two types of contributions to the theoretical
error on SM predictions:

error from uncalculated orders of perturbation theory

error from uncertainty in input parameters ( my, &)



For the errors of the first type, the situation is quite
good. These theoretical uncertainties are currently

0.3% for Higgs couplings to quarks
3 % for Higgs couplings to gg

1% for Higgs couplings to WV, ZZ
1 % for Higgs coupling to 77

Among the most impressive theoretical efforts are

Baikov, Chetyrkin, Kuhn: g(hbb) to O(a?)
Baikov, Chetyrkin,
Schreck and Steinhauser: g¢(hgg) to O(a?)
Actis, Passarino, Sturm, Uccirati: g(hgg) to O(aay)

Improvement of the current results to 0.1% accuracy is
possible, but it will require dedicated effort.



For the dependence on input parameters, the situation
is easier to quantify. The most important dependences
of Higgs coupling predictions are

(04 = AI'(A)/T'(A)):
0p = 1. - dmy(10) @ (—0.28) - das(my)
0c = 1.-0m(3) © (- 0.80) - das(my)
0, =1.2- das(my)

We need to know the inputs in this table to the 0.1%
level.




Many of the best determinations of these quantities

now come from Lattice QCD. Mackenzie, Lepage,
and | projected the errors from Lattice QCD ten years
into the future and estimated:

omp(10) das(mz) ome(3) | &% 0.  d
current errors [10] 0.70 0.63 0.61 |0.77 0.89 0.78
+ PT 0.69 0.40 0.34 |0.74 0.57 0.49
+ LS 0.30 0.53 0.03 |0.38 0.74 0.65
+ LS? 0.14 0.35 0.53 |0.20 0.65 0.43
+ PT + LS 0.28 0.17 0.21 | 0.30 0.27 0.21
+ PT + LS?| 0.12 0.14 0.20 |0.13 0.24 0.17
PT + LS* 4+ ST | 0.09 0.08 0.20 |0.10 0.22 0.09
ILC goal 0.30 0.70 0.60

relative errors in percent



The partial widths to WW, ZZ also depend strongly on the
mass of the Higgs boson:

5W =6.9-5mh . 5Z — 775mh
This is a 0.2% uncertainty for Amy = 30 MeV .

This is the primary motivation (in my opinion) for a very
accurate Higgs mass measurement.



So, if there is new physics beyond the Standard Model
at the TeV scale, we expect to see deviations of the
Higgs couplings from their Standard Model
expectations at least at the few-percent level.

These deviations will form a pattern that will give us
information on the nature of the new physics.



These ideas give strong motivation for a program of
precision measurements of the Higgs boson couplings.

The goal should be to measure the individual partial
widths to an accuracy of 1%, and better if possible.

This requires a comprehensive program on Higgs
production and decay processes, such that the partial
widths can be extracted by a combination of u(A, B)
and cross section measurements.

It would be best if the experiments were also highly
sensitive to invisible and exotic Higgs decays, which
might contribute to [} and also signal new physics in
their own right.



We will learn much about the Higgs boson from
its study at the LHC over the next 20 years.

However, the LHC cannot fulfill the goals of
the program | have outlined.

The most important reasons for this are made
clear by looking at the current evidence for
the Higgs boson in its various decay channels.
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CMS projections for the measurement accuracy of
Higgs couplings at LHC and HL-LHC :

Ltb ) H>9y9 H—-WW H—-ZZ H—-bb | H— 1t |H—Zy | H—inw
300 [6, 12] [6, 11] [7, 11] [11, 14] [8, 14] [62, 62] [17, 28]
3000 [4, 8] [4, 7] (4, 7] [5, 7] [5, 8] [20, 24] [6,17]

CMS assumed that these accuracies are limited mainly
by statistics and by theory uncertainties in the total
cross sections. However, really, the limiting factor will
be the 10:1 ratio of background to signal in the best

signal regions.

(For a comparison of CMS and ATLAS projections, see
my paper arXiv:1312.4974.)




One important special case should be noted:

Themodes h —~vy and h — 4¢ are visible in the
total cross section, with very similar selections.

It should be possible to design an analysis in which
measurement the ratio of the production rates, in the
same specified region of 7, is independent of the Higgs
production cross section and is limited by statistics only.

ATLAS estimated the ultimate error on this ratio as 3.6%.

This is probably an overestimate. The pure statistics
limit (50% efficiency) is about 2% for 3000/fb.



There is a proposed accelerator capable of meeting

these goals that is studied thoroughly, designed at the
level its TDR, and ready for construction.

This is the International Linear Collider (ILC).




Here are a few snapshots from the
physics expectations for the ILC.
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mp to 30 MeV using a recoil technique
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ILC 250 GeV, 1150 fb ' @ 500 GeV, 1600 fb '@ 1 TeV, 2500 fb ' *  —

B ILC @ HL-LHC 3000 fb™' combination **
* Ref. arXiv:1310.0763, ** Ref. arXiv:1312.4974




Sensitivity to the extended Higgs sector of SUSY
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The precision study of the Higgs boson will be one of
the next great adventures in particle physics.

The Higgs boson has many secrets that are still hidden.
But it is within our power to find them out.



