Properties of the Higgs Boson

In the lecture, I will discuss the properties of the Higgs boson as predicted in the
Standard Model and the comparison of these predictions to experiment. I will begin
by discussing the various couplings of the Higgs boson and their implications for the
pattern of Higgs boson decays. We will then turn to Higgs boson production at the
LHC and ask how the Higgs boson can actually appear in the LHC data.

The story of the Higgs boson might be much more complicated that that provided
by the Standard Model. But the Standard Model expectations are in any case an
important reference point, and that will already give us quite a bit of material for
this lecture.

The tree level couplings of the Higgs boson in Standard Model can be derived very
simply. In unitarity gauge, we gauge away all components of the Higgs doublet field
except for the the component that contains the vacuum expectation value. Then
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From this formula, it is apparent that the coupling of the Higgs boson to any species
is just

€ = he X

Thus, . m
Lecnn, k‘“ . ot
VAN Vv

'S
S bosmn >—h L ?gv z)hv

Even for the Higgs boson itself, we find the self-coupling
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From these vertices, it would seem that the Higgs boson should decay dominantly
to the heaviest particles of the Standard Model, the W and Z bosons and the top
quark. However, reality is not so simple. The mass of the Higgs boson turns out to
be about 125 GeV, a value small enough that none of the decays
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are allowed kinematicalliy. Instead, we have to take the next best options—Higgs
decays into lighter (though still somewhat heavy) species, and Higgs decays into off-
shell W, Z, and t. There are many processes in this category, leading to a large
number of possible decay modes. This is in fact a good thing, since it will allow us
to study a wide range of coupings of Standard Model particles to the Higgs boson.

Let us now go through the various possible types of Higgs boson decay processes.
First, we have Higgs decays to quarks and leptons. For a light fermion, we can ignore
the fermion mass except in the Higgs coupling. Then we can easily compute the
matrix element using 2-component spinors. The matrix element for A — frfg, for
example, is
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The Higgs decay to ff is actually in the P wave, so the more complete dependence
on the fermion mass is
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This would matter only for a heavier Higgs boson decaying to tt.

For the decays to leptons, we can read off immediately

T~><T) = ato kV r(‘\“’fﬂ'—' 7 keV

For decays to quarks, QCD corrections are important. These are of two types. First,
there is a color factor of 3 and a multiplicative correction from hard gluon radiation,
as we saw in W, Z — ¢q. For the scalar decay, the effect is larger
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Second, the quark mass in the partial width formula should be the M S mass evaluated
at the scale ) = my,, which is related to the quark mass as usually quoted by the

relation
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The quark masses at 125 GeV are
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As we will see, b — bb is the dominant mode of decay for a 125 GeV Higgs boson, with
a branching ratio of 58%. Scaling from this, the branching ratios for other fermion
decays are
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It is interesting that the 7 mod¢j is larger than the ¢ mode. The larger 7 mass (when
evaluated at my) overcomes the QCD factors. The quoted 58% branching ratio for
h — bb implies a total width for the Higgs boson of 4.1 MeV.

Next, we turn to the Higgs decays to WW and ZZ. For on-shell W and Z, the
matrix elements would be
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The enhancement this provides is similar to that seen in the examples of the previous
lecture. Since
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so also in this case the enhancement converts a gauge coupling into a Higgs field
coupling strength.

Fior the actual situation of a 125 GeV Higgs boson, one or both of the W or Z
bosons resulting from the decay must be off the mass shell. Then the Higgs boson
decay is better represented as a decay to 4 fermions
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The mass distributions of the virtual W and Z are shown in Figure 1.

The dynamics of the Higgs decay to ZZ can be thoroughly explored experimentally
in the case in which both Z bosons decay to charged leptons. Unfortunately, this
happens only in 0.2% of h — ZZ decays, both those events are readily gathered at
the LHC and contain a great deal of information. With the hZZ coupling of the
Standard Model, it is still true that the longitudinal vector boson polarization states
dominate, so that the leptons are central in cosd, and that the decay planes formed
by the two leptonic decays tend to be parallel;
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This contrasts with the case of a pseudoscalar boson coupling to Z by
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where F),, is the Z field strength. In this latter case, the Z polarizations will be
transverse and the decay planes will be orthogonal. Even with the current very small
sample of about 15 events per LHC experiment, the two cases can be discriminated
at about 3 o, with the data favoring the Standard Model form of the coupling.

Figure 2 shows tests of the Standard Model coupling hypothesis against hypotheses
of other possible spin-parity assignments for the 125 GeV boson, as evaluated by the
CMS collaboration. The hypothesis of spin 1 is also excluded by the observation of
the decay h — 77, to be discussed below. A spin 1 particle decaying in the S wave
cannot decay to 77, since in this case only spins 0 and 2 are permitted.
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Unsing Bose statistics, this conclusion can be extended to a decay in any partial
wave, a result called the Landau-Yang theorem. The analysis shown in Figure 2 also
excludes a number of specific forms of spin 2 couplings to ZZ.

Given that hte decay to WW and ZZ would be dominant for a Higgs boson
with mass greater than 180 GeV, these modes are also still important for a boson of
125 GeV. The Standard Model predictions for the branching ratios are
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For observations at the LHC, these branching ratios must be multiplied by the branch-
ing ratios for leptonic decays of the W and Z. The predicted Higgs branching ratios
depend very strongly on the precise mass of the Higgs boson
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For a prediciton with 1% uncertainty, the Higgs boson mass must be known to
100 MeV.

Finally, the Higgs boson can decay to massless vector bosons, vy and gg. These
particles have no direct coupling to the Higgs boson, but they can be connected to
the Higgs through loop diagrams,
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It is not so hard to compute these diagrams directly, but there is also a simple set of

arguments to understand the values of these diagrams in the limit in which the Higgs
mass is much lighter than those of the W and the ¢.

I will first discuss the case of h — gg, for which only the ¢ quark contributes.
To understand the form of the coupling, represent it as an effective operator. This
operator must be gauge-invariant, so the coupling of lowest dimension is

o= BT

This corresponds to a vertex
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The coefficient A has the dimensions of (mass)~!. In principle, any quark could
contribute to A through a loop diagram. The size of this diagram would be

n
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where M is the momentum flowing in the loop, If m;, > 2my, we have M ~ my,

and the diagram is suppressed by my/my. On the other hand, if m, < 2my, then
M ~ 2my and the diagram is approximately independent of the quark mass. Oddly,
only those quarks that are too heavy to appear in Higgs decays contribute to this
amplitude.

To estimate the size of the contribution from the top quark, consider first the top
quark vacuum polarization diagram
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and, since the coupling of the Higgs field is entirely account by v — v+h, the coupling
of a zero-momentum Higgs boson to two gluons is given by
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The partial width for h — gg in the limit m; < 2m, is then
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The exact 1-loop expression is
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It is interesting that the amplitude for h — gg is related to the top quark con-
tribution to the QCD g function. If the coupling constants of the Standard Model
did not run, we could consider all of the mass scales of the Standard Model to be set
by v. The Higgs field, which is a fluctuation of v, would be the Goldstone boson of
spontaneously broken scale invariance. In the real Standard Model, scale invariance
is also explicitly broken by the running of couping constants, and this effect provides
zero-momentum couplings for this Goldstone boson.

A similar argument gives the Higgs boson couplings to yy. The top quark contri-
bution to the electromagnetic vacuum polarization is
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“The contribution of W bosons to this vacuum polarization is proportional to the
vector contribution to the 8 function of an SU(2) gauge theory; in particular, it has
the opposite sign from the fermionic contribution.
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Finally, we must include the contribution to the § function from the Higgs field that
is eaten by the W boson when it gets mass. The complete vacuum polarization
amplitude is
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Then we find for the partial width, in the limit my, < 2mw, 2m;,
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Careful evaluation, including QCD corrections to the h — gg width, gives
Bl = 349 BR(MW) = ©.239,

The complete pattern of Standard Model Higgs branching ratios is shown as a
function of the Higgs boson mass in Figure 3.

To study the Higgs boson couplings at the LHC, we must address two more issues.
First, we need to understand the processes by which the Higgs boson is produced at
the LHC. Second, we need to understand the prospects for actually observing the
Higgs boson in each decay mode among the various products of LHC reactions.
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I will first discuss the production processes. We have just conputed the Higgs
boson decay amplitude to gg. If we turn this process around, we obtain the process

3~

which turns out to be the Higgs production process with the largest cross section.
The matrix element we computed above has the form
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and gives a decay rate
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The same matrix element predicts a Higgs production rate, using the 1-body phase
space explained in lecture 2,

A
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Comparing these expressions, we find
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Other production processes for the Higgs boson are vector boson fusion, analyzed
in the previous lecture
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associated production with a W or Z boson

The predicted values of the four cross sections in pp collisions, as functions of center
of mass energy, is shown in Figure 4.

Though the gg — h cross section is the largest at the LHC, it is not always the
preferable one for studies of the Higgs boson. If the Higgs boson does not stand out
among other Standard Model reaction products, we need to go to other reactions in
which the Higgs boson is produced with other objects that tag its presence. In the
cases of vector boson fusion or associated production, we would use the hard forward
jets or leptonic W and Z decays to enhance the probability that a given event actually
includes Higgs boson production. And, since the top quark does not appear in Higgs
decays, we must study the associate’ production with top if we wish to measure the
hit coupling.

Among the various Higgs decays, there are only two in which the Higgs appears
as a characteristic and full reconstructable object at the LHC. These are

12
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These are the only cases in which the decay products of the Higgs are leptonic or
electromagnetic particles, in which the backgrounds are moderate, and in which all
decay products of the Higgs boson are observed. In these modes, the Higgs boson
appears as a significant resonance in an appropriate distribution. These are the
modes in which the Higgs boson was original discovered. Figure 5 shows the current
vy invariant mass distribution from the CMS experiment. Events are collected in
a variety of signal categories and appear in the plot weighted by the probably of
7y signal, as opposed to background, events in each category. Figure 6 shown the
current 4 lepton invariant mass distribution for the ATLAS experiment. Both plots,
and the corresponding plots from the other experiments, show clear evidence fo rthe
presence of a resonance near 125 GeV. Figure 7 shows an event display from ATLAS
of a candidate

PP h— 22*—9 e /VDKA'

event.

Higgs identification in the other decay modes is much more difficult. A Higgs
decay to WW* appears as

PP h Ww*— 1o L5

that is, as a pair of leptons plus Fr. This is no obvious reconstructable mass peak.
The process

’P’P — \'\)‘-\I\)'— —7 /Ql‘-v /Qnﬁ;
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provides an obvious background. In addition, # production with leptonic decays on
both sides gives a background. For this reason, the analyses of h — WW* at the LHC
apply a restriction to event with 0 or 1 high-p7 jets. The evidence for the appearance
of the Higgs boson is an excess of signal over background. For example, Figure 8
shows the evidence from the ATLAS experiment, with event samples plotted as a
function of the £*¢~ invariant mass. The dark blue band shows the contribution to
the signal region from pp — WW, the yellow band show the contribution from #%.

The decay h — 7%7 is very difficult to identify in a generic sample of LHC events.
The 7 appears at the LHC as a single electron or muon accompanied by Er, or as a
single hadronic track or a group of three tracks of very small angular separation. The
hadronic decays can be faked by QCD jets. The strongest evidence for h — 777~
comes from a search for Higgs production in vector boson fusion, using the forward
jets produced in this reaction as additional tags. A candidate event of this type from
ATLAS, with an isolated electron, an isolated muon, and two forward jets, is shown
in Figure 9.

Since the 7 lepton always decays to an unobserved v, it is not possible to directly
reconstruct the mass of the 7t7~ system. However, there is a nice trick that can
be used. The 7 has very low mass, so for a high-momentum 7, the decay products
will be almost collinear. We can make the approximation that the decay products
are exactly collinear, or that the 7 momentum is parallel to the momentum of the
observed isolated track. Then an event with 7t7~ emission has the form

AT"
f: '
— = \F =
u*\\

N

with the energies of the two 7 leptons considered as unknowns. These two unknowns
can be determined by two equations if we impose pr balance in the event. The
technique gives the 77~ mass with a resolution of about 15 GeV.

[

There are significant backgrounds to the Higgs signal. The Z boson can also be
produced in WW fusion, so

= . (-3 o 2 -
TP — 4+4r 2 Z2—T'T
is an irreducible background, with a 747~ mass peak near m rather than at 125 GeV.
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The size of this background can be measured using Z — ete™ and Z — ptu~ events.
The process

TP Ww — A +'«XS+ E-\-

is also an important background, over a very broad range in the reconstructed 777~
mass. The data from the CMS experiment is shown in Figure 10. The two background
processes account for most of the event sample, with, however, a small but significant
excess between 100 and 130 GeV.

The decay h — bb is even more difficult. Recall that, at 8 TeV, the QCD process

———

3 b

has a cross section of about 1 mb. Even restricting to bb invariant masses near
100 GeV, the QCD cross section is of the order of 10 ub, compared to a Higgs
production cross section of 20 pb. Some help is needed.

First, we need to look at a process with leptoins, to suppress the contribution
from QCD production of bb. ATLAS and CMS use the associated production with a
vector boson '

PP — Wh [ 2 h
with W, Z decaying leptonically. There is still a substantial background from
PP Wa 2 -+ 3d$

especially with gluon splitting to bb,
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and also from two vector boson production, for example,
PP~ W42 2— bb

The expeirments try to take advantage of small differences between the detailed prop-
erties of events in these classes to find evidence of the h — bb signal.

A summary of the LHC measurements of Higgs production and decay in the
various modes is shown in Figure 11. The measurements are quoted in terms of the
“signal strength” u, defined by

) s(pp~= h~= AAD
(( Stonkied Modol Bxgrehudin, )

/lA

A signal strength of 1 corresponds to agreement with the Standard Model; a signal
strength of 0 corresponds to no evidence for the appearance of the Higgs boson. The
signal strength does not have a simple dependence on the Higgs couplings. Consider,
for example, the measurement of the rate for the process

For this reaction,
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which is proportional to
T(h—39) T (h—¥)

Lt

where Iy, is the total Higgs decay width. The quantity I';,; includes all Higgs cou-
plings. So, if the signal strength for this reaction is larger than 1, this might be
because

T(hoas) o T ¥Y)

are greater than their Standard Model values, or because I';,;, dominated by the hbb
coupling, is smaller than its Standard Model value. It is very difficult to disentangle
the set of y measurements to provide estimates of the specific Higgs couplings to
different species. This is especially true in the current situation in which the signal
strength for h — bb processes is very uncertain.

Nevertheless, the picture shown in the figure is quite promising. All of the signal
strengths are consistent with their Standard Model values within the errors, and most
are measured, already at this early stage in the LHC program, to better than 30%
accuracy. The accuracies will improve greatly in the 13 TeV run of the LHC.

I hope very much that, in the future, we will also have higher precision measure-
ments of the HIggs boson couplings in e*e™ annihilation experiments. The proposed
International Linear Collider should constrain the Higgs boson couplings to the 1%
level.

Will the Standard Model picture of the Higgs boson hold up under such close
scrutiny. Very likely, it will not. This program of experiments gives a powerful way
to explore for new physics beyond the Standard Model.

17



