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The Standard Model (SM) was built up over many years with contributions from a very
large number of people. An important part of this process was the interplay between experi-
ment and theory. Experimental discoveries were synthesized and explained using theoretical
models, which were then tested and applied to guide new experimental explorations.

In these notes we describe how the SM has been tested experimentally. The key idea is
that the theory predicts correlations between a large number of physical observables. This
implies that observables can be predicted in terms of other observables without reference to
the underlying parameters of the Lagrangian, and this provides an unambiguous test of the
theory.

For now, we will focus on the electroweak and Higgs sectors of the SM. Some additional
theoretical technology is needed to discuss the strong sector of the SM in detail, and we will
come back to it later in the course.

1 Precision Electroweak Tests of the SM

The electroweak sector of the Standard Model (SM) has been tested extensively in both
high-energy particle collisions and lower-energy precision probes. These tests have given
us confidence that a SU(2);, x U(1)y gauge invariance underlies both the electromagnetic
and weak forces. In this section we discuss how to connect the SM theory to experimental
observables.

1.1 Tree Level Analysis

Recall from our previous investigation of the SM that the electroweak sector is completely
characterized by three independent parameters, which can be chosen to be {e, sy, v}. Once
we fix the values of these parameters, by making three independent experimental measure-
ments, we can predict all the other (tree-level) electroweak observables in the SM [1, 2]. It
is convenient to choose these three “input” observables to be a, G, and my since they are
among the best-measured quantities in the electroweak part of the SM.

The electromagnetic coupling a,, is determined at low energy from the anomalous
magnetic moment of the electron, and is then extrapolated up to a value relevant for physics
at energies close to myz. The current status is [3, 4]

almy) = - Iw (1)

= (127.9540.02)"" .



Muon decays are used to extract the Fermi constant G, which is given by

1
Grp = 272 02 (2)

= (1.1663787 & 0.00000006) x 107> GeV 2 .

The mass of the Z° is deduced from the energy dependence of the ete™ — ff cross section
for /s ~ my:

e

—_
\/§3WCW
= (91.188 + 0.002) GeV .

(3)

It is straightforward to solve for e, sy, and v from these expressions:

e = Vidra ~ 0.313 (4)

v = 1/\/2V2Gr ~ 174 GeV (5)
sk, = 1 1\/1 — Ao /V2GEmE ~ 0.234 (6)

Note that we take sy to be the positive square root, with cy positive as well.

Having fixed the input values of the Lagrangian, we can now go on to compute any
other electroweak observable we would like. The most useful of these for testing the SM are
usually the so-called Z-pole observables, corresponding to processes of the form ete™ — ff
at centre-of-mass (CM) energies near the Z° mass, s = (po- + pe+)? = m%. In this regime,
the dominant contribution to the cross section comes from the diagram with a Z° in the
s-channel.!’ The dominance of this diagram comes about because of the form of the Z°
propagator denominator appearing in the amplitude:

MOC;Q. (7)

p? —my
This evidently has a pole at p*> = s = m7,.

The blowup here is not physical, however. Adding quantum corrections to the propagator,
primarily in the form of fermion loops, the propagator denominator acquires an imaginary
piece that is approximated well by [5, 6]

1 1

% 9
p? —m3 p?—m% +i/p*Ty

(8)

where I'; is the total decay width of the Z° into all possible final states. The new contribution
is imaginary, meaning that it is an absorptive effect in the propagation of the Z° correspond-
ing to the loss of propagation probability amplitude due to its finite lifetime (77 = 1/T'z)

'For f # e the other tree-level diagram has an s-channel photon. There are additional ¢-channel photon
and Z° diagrams for f = e.
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Figure 1: Cross section for e"e™ — hadrons (and WTW ™) at various energies.

to decay into other particles. Numerically, 'y < mg, implying that the propagator still
receives a large enhancement for p* close to m%.

The master equation for computing Z-pole electroweak observables is the differential
cross-section for eTe™ — ff via the Z° in the CM frame, and is given by (neglecting light
fermion masses)

do N s
deos® 1287 (s —m%)2 + sI2
[(lazel? +larrl? + larr]* + arc]*) (1 + cos® 0) (9)

+(lars|® + |arrl* = larr* = larc]?) (2 cos6)]

where cos 6 is the scattering angle of the f fermion relative to the electron beam, N, is the
number of colours of the fermion, and the coefficients are

aAp = gi}gé ) (10)

with A, B = L, R. Recall that ¢/, = (e/swew)(t® — Qs2,).

An obvious first thing to look at is the energy dependence of the cross-section for /s
close to myz. The LEP-I (CERN) and SLC (SLAC) experiments did just this and found a
clear mass peak, as shown in Fig. 1l Based on the location and shape of the peak, it is
possible to extract mz and I'z. The value of my is used as an input observable, but [3]

Ty = (2.495 4 0.002) GeV (11)

is an independent output observable whose value we can also be computed in terms of the
inputs.



After figuring out the location of the Z pole, the LEP-I and SLC (and SLD) experiments
ran primarily on the pole with /s = my, or at least as close to it as they could get. In this
situation, we can think of efe™ — ff process as efe™ — Z° followed by Z° — ff. The
relative cross-sections for different fermion final states are then proportional to the partial
decay widths of the Z° into these final states. This allows for the extraction of the branching
fractions (or ratios) of the Z°,

BR; := I'(Z — ff)/Ty = T;/T5. (12)

These can again be compared to the values predicted by the SM. Sometimes you will see
various R; quantities defined according to

Ry =Thaa/Te (U=e,p,7), Ry=Tp/Thaa, Re=Tc/Thaa, (13)
where [';,4 the decay width into all the kinematically accessible quarks.

Unlike all the other Z° decay channels, the neutrino final states are not seen directly.
Instead one can deduce the total invisible partial width of the Z° by using

Tino =Tz —Te =T, —T; — Thaa . (14)

Comparing [';,, to the SM prediction for neutrinos, the data only matches what is seen
if there are three (active) neutrino species. The current experimental uncertainty in ',
implies that any additional (non-SM neutrino) invisible Z° decay channels must have a total
width less than Al';,, < 2 MeV.

Besides just branching fractions and overall cross-sections, there is additional information
to be had in angular distributions and spins. The left-right asymmetry Ay is defined to be

A= [D(Z > fufn) = T(Z = fof1)] JT(Z = []). (15)

Here, fg is the right-handed anti-fermion conjugate of f7,, and could more properly be written
as (fz): Tt is not hard to show that
AV AY)
(92.)% + (9r)°
These left-right asymmetries can be measured using polarized electron beams at the Z pole,
which was done at the SLAC SLD experiments. Note that sometimes one also sees Ay = Al R

The forward-backward asymmetry in ete™ — ff is defined by

1 0 (ete— _
<f0 - f_1> d(COS 6’) W (17>
(o + 2 dlcost) e

This quantity is a function of the CM energy +/s, but it is usually quoted for /s = mz. On
the Z pole, one can show that

A{«“B =

3
Al = TAAS (18)

2Recall that the conjugate of a 2-component LH fermion is a RH 2-component fermion.
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Figure 2: Some of the diagrams involving the top quark and Higgs boson giving rise to
oblique corrections to the weak vector boson propagators.

In addition to these primarily Z-pole observables, there are also some very good tests of
the electroweak structure of the SM at both lower and higher energies. At lower energies,
precision measurements neutrino cross-sections, atomic parity violation, and the determina-
tion of the 7 lifetime are especially important. Higher energy colliders such as the Tevatron
and the LHC have measured my, very precisely [7, 8]:

my = (80.387 + 0.019) GeV (19)

These colliders have also measured rates of single and double W and Z production, which
can again be compared with the predictions of the SM.

1.2 Beyond Tree Level

The current set of experimental tests of the electroweak sector of the SM are so good that
loop corrections must be included in the theoretical predictions to achieve the same level
of precision as the data. However, adding loops also introduces a number of complications
in addition to the direct technical challenge of computing loop diagrams. These include
renormalization, scale dependence, scheme dependence, and effects related to the non-
electroweak parts of the SM theory.

Many loops contain formally divergent integrals. These typically arise from integrating
over all possible momenta of intermediate states in loops, with the divergences coming
specifically from the limit of these momenta becoming very large. Dealing with such infinities
will be discussed later in the course, but for now let us assume that we can find a way to
modify the SM at unobservably high energies such that the would-be divergences become
finite. The main result for the SM, and more generally for theories that are renormalizable,
is that the explicit dependence on this modification (at energies well below where it becomes
important) disappears completely when physical observables are written in terms of a finite
set of basis input observables. This is precisely the approach we took above.

Loops also connect the electroweak parameters to other parameters in the theory. The
most important loops are typically the so-called oblique corrections, corresponding to loops
in the propagators of the electroweak vector bosons. For example, diagrams involving top
quarks or Higgs bosons modify the tree-level relationship between the observable Z° and
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Figure 3: Dependence of the fit to precision electroweak observables as function of the top,
W, and Higgs boson masses. Also shown are the direct measurements of the top and W
masses.

W# masses, making their values dependent on the top quark and Higgs masses. Some of
these diagrams are illustrated in Fig. 2 In fact, collecting the effects of the top and Higgs
on various precision electroweak observables, impressively good predictions can be made for
their masses. An illustration of this dependence is shown in Fig. 3, from Refs. [9, 10].

1.3 The Current Status of the EW Sector of the SM

Comparing the theoretical predictions of the SM to experimental measurements, the theory
does extremely well in nearly every regard. As such, the SM really does appear to be the
correct theory of nature at energies up to at least a few hundreds of GeV.

The results of a recent global fit of the SM theory to precision electroweak data are
shown in the panel Fig. 4 [10]. In this figure, the bars show the difference between the
best-fit theory predictions of the SM and the experimentally measured values for a number
of mostly Z-pole SM observables, in units of the experimental uncertainty. While there are
some deviations, they are consistent with statistical fluctuations in the experiments.

The SM has also been tested stringently at energies well above the Z-pole at the LHC.
In the right panel of Fig. 4, we show the values of various electroweak vector boson (and
top quark) production rates measured by the ATLAS experiment at the LHC [11, 12]. An
impressive agreement between the SM theory and experiment is found over many orders of
magnitude.

2 Higgs Physics

The last particle predicted by the SM to be found was the Higgs boson. The discovery of
a new particle of mass m ~ 125 GeV with the right properties to be the SM Higgs was
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Figure 4: Left: Observed values of various electroweak observables compared to the best-fit
predictions of the SM, from Ref. [10]. Right: Production cross sections for the electroweak
vector bosons measured at the LHC by the ATLAS experiment compared to theory [11].

announced on July 4, 2012m In the years since, many further measurements have confirmed
that this new particle has the properties expected of the SM Higgs, giving us confidence that
it is the genuine article. In this section, we discuss how the SM Higgs boson decays, how it
can be produced in high-energy collisions, and how these properties were used to discover it.
More detailed reviews can be found in Refs. [13, 14, 15, 16].

2.1 Higgs Decays

Recall that the Higgs boson couples to other particles in the SM proportionally to their
masses [17]. This implies that it decays most often to the heaviest particles it can. For a
SM Higgs with mass m;, = 125 GeV, the leading decay mode is h — bb. After this, the most
important decays involve WW*, gg, ZZ*, 7T, and cc.

The leading-order Higgs decay width to fermion pairs h — ff is
3/2

i+ 19 = 2 () [1 - (?)] , 20

where my is the fermion mass and N, is the number of colours of the fermion, equal to three
for quarks and one for leptons. This expression shows the explicit dependence of the decay

3 Higgsdependence Day!



Figure 5: Loop diagrams contribution to h — gg (top) and h — ~vy (bottom).

width on the mass of the final-state fermion, corresponding to the strength of the Higgs
coupling.

If the Higgs were heavier, it would also be able to decay to a pair of on-shell weak vector
bosons. The corresponding widths at leading order are

9 21 1/2 2 4
1-(”“’)] [1—4(ﬂ> +12<@)] , (21)
Mp Mp Mp
where Ny = 2,1 for V = W, Z. Note that these 2-body decays do not occur in the SM
for my, = 125 GeV due to kinematics. However, the 3-body decays h — V'V* is significant,
where V* represents an intermediate off-shell weak vector boson in the diagram that connects

to a pair of light SM fermions. The corresponding 3-body rates are suppressed by factors of
about g?/(4m)? relative to the widths for the 2-body mode.

I'(h—VV)=-—LTh

The Higgs boson can also decay to a pair of gluons or photons through loop effects. For
the gluon mode, diagrams of the form shown in Fig. 5 lead to a one-loop width of

2
(h — gg) 128571'3 /02 Z A1/2 Tq ) (22)
where the sum runs over quarks, 7; = (my/2m;)?, and
2
Avelr) = Slr+ (=) (23)
with
sin ! (y7)? <1
f(r) = ) (24)
—}1 [ln <}+\/7v17> —{—m} T > 1



While the loop function A;/5(7) is complicated, it has simple limits for large or small 7,

4/3 ;T
Al/Q(T) — . (25)
—In(4r)/27 ; T>1

These limits imply that the h — gg decay width is dominated by the top quark loop for
my, = 125 GeV. In the limit of m; > my,, corresponding to Ay /5(7;) — 4/3, it is often useful
to think about the top loop as generating a low-energy effective operator of the form [18]

2
Qs Y a a uv
SCHTH GG (26)

Zegr D
= 24mm?

This is the leading gauge-invariant effective operator that connects the Higgs to the gluon.

Decays of the Higgs to pairs of photons are rare, but they played a leading role in the
discovery of the Higgs. The decay arises from loop diagrams involving charged fermions and
W bosons, as shown in Fig.|5. At one-loop order, the width is

2
Ay(mw) + Z NCQ?CAI/Q(Tf) ; (27)
!

OZQ m3
L(h = vy) = 5127?31)_;

where 7; = (my,/2m;)?, Qy is the electromagnetic charge of fermion f, Aj/(7) is given in
Eq. (23), and

A(r) = —% 27 4 37 1 3(2r — Df(r)] (28)

with f(7) given in Eq. (24). We have A; ~ In(7)/7 for 7 > 1, while A;(7) — —7 for
7 < 1. The most important contributions to the diphoton width are W loops, followed by
the top loop. As for the gluon decay mode, it is often useful to think of the W and ¢ loops
as generating a gauge-invariant effective operator of the form H'H F,,,F* [18].

Summing up all the possible decay modes of the SM Higgs, the total decay width is
predicted to be [19,20]

T = 4.140.2 MeV . (29)

This is much smaller than the mass of the Higgs boson due to its very small couplings to
the particles it can decay to. Recall as well that the branching ratio for the i-th decay mode
is defined to be BR; = I';/T';,. The branching ratio for mode i can be understood as the
probability for the Higgs to decay in that channel. In Fig.|6| we show the predicted SM Higgs
branching ratios as a function of the Higgs mass. As expected, the h — bb dominates, with
the other fractions corresponding to the relative couplings of the final states to the Higgs.

2.2 Higgs Production at Colliders

Producing Higgs bosons at colliders depends on what kinds of particles are smashed to-
gether. Recent high-energy colliders have used beams of protons, antiprotons, electrons, and

9
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Figure 6: Branching fractions of the SM Higgs boson as a function of the Higgs mass for the
most important decay channels.

antielectrons. Since these consist of light quarks or leptons, creating Higgs bosons directly
at these colliders is a challenge.

The most useful Higgs production mode at electron-positron colliders is ete™ — Z* —
Zh. In this process, sometimes called higgstrahlung, a virtual Z boson is created in the
s-channel, which then splits into on-shell Z and h particles. The couplings involved are all
electroweak, and the net production rate is similar to WZ or ZZ. However, the minimum
collision energy is /s = (myz + my,) ~ 216 GeV, and this is larger than has ever occurred in
stable laboratory eTe™ collisions.

Higher energies can be achieved in proton-proton (or proton-antiproton) collisions. Note
that high-energy proton collisions can be thought of as collisions of the underlying quarks
and gluons that make them up. Diagrams for the most important Higgs production channels
for LHC pp collisions are shown in the left panel of Fig. |7\ The leading production channel
is gluon fusion, corresponding to gg — h through the same top loop diagram that leads
to h — gg decays and shown in the top diagram of the left panel of Fig. 7. The next
largest mode is vector boson fusion (VBF), in which a pair of W or Z bosons join to make
a Higgs, as shown in the second diagram on the left in Fig. 7. In VBF, the Higgs boson is
accompanied by a pair of high-energy quarks with distinctive kinematics that can be used
to identify this channel. The bottom two diagrams in Fig. 7 correspond to vector-boson
associated production (Vh, where V' =W, Z), and tth associated production. In both cases,
the Higgs is radiated off a massive SM particle. The right panel of Fig.|7 shows the relative
sizes of these various production modes at the LHC for a collision energy of /s = 13 TeV.
Note that pp — H corresponds mainly gluon fusion, qqH refers to VBF, WH and ZH are
vector-boson associated production, and tth is self-evident.

10



g ot
777777777777 h 104 ““ ““‘

E e
g = .F 0 fs=13Tev g
210° Mg, e
q 4 < e Wy EE
Voo h T 102 H(NNLOQCD) O SE
T F E
q q % 1 0 E %) . bp . - =
g E "y 3
q ~h °© L WLOQOD//J n ey, J
( ! E N\ E
- , /l//l/( .
107" = %9 OOO@ E
102 T
10° )
:‘ Il Il Il Il L1 | ‘ Il Il Il Il 3
10 20 30 100 200 1000 2000
M, [GeV]

Figure 7: Left: Diagrams contributing to Higgs production through gluon fusion, vector
boson fusion, Vh associated production, and tth. Right: Production cross sections for these

modes at the LHC with /s = 13 TeV.

2.3 Higgs Searches, Discovery, and Tests

Despite being first proposed in 1964 [21, 24], it took until 2012 to discover the Higgs
boson. This was not for lack of trying. Experiments had been searching for the Higgs for
nearly forty years, but it took the full power of the LHC collider to find it.

Even before the start of the LHC, precision electroweak measurements gave very strong
indirect evidence for the Higgs. Recall that the Higgs mass enters into loop corrections to
electroweak observables. To obtain a viable fit to these observables using the SM theory, it
was necessary to assume the existence of the Higgs and include its effects in the theoretical
predictions. Furthermore, the data was only consistent with the SM for a Higgs mass below
about my;, < 160 GeV [10]. The dependence of the fit on m; can be seen in Fig. BL

Before its discovery, the mass of the Higgs was also bounded from below by searches at the
LEP II experiment. This was an ete™ collider (in the same tunnel that currently houses the
LHC) with centre-of-mass (CM) collision energies up to /s ~ 208 GeV. The most efficient
search channel at LEP II was ete™ — Z* — Zh, followed by h — bb. Their maximum
collision energy turned out to be just below what was needed to produce the Higgs, but they
were able to place a stringent lower bound on the mass of my, > 114.4 GeV [25]. These limits
were further improved by searches at the Tevatron, a pp collider running at CM energies up

to /s = 1.96 TeV [26].

The LHC is a pp collider that ran at CM energies of /s = 7,8 TeV in its initial
science run. At these energies, the dominant Higgs production and decay channels are

11



T T T T T
Selected diphoton sample

e Data2011+2012
Sig+Bkg Fit (m_=126.5 GeV)

--------- Bkg (4th order polynomial)
ATLAS Preliminary

7000 —

6000

5000

4000

Events /2 GeV

3000
2000 {5 =7 TeV, J-Ldt -481b"

1000F— ys = 8 TeV, ILdt =13.0fb"

solnrrloelen bl b oo loo b b b

8 TG T TTTT]T IIII|IIII|IIII|IIII|IIII|IIII

T 300 ; ; ;
o)
£
@ Lﬁ“ﬁ < ++H?+ LS
100 ' $oty
209 + Ti0 120 T30 T40 750 [G \}fo
m,, [Ge

Figure 8: Diphoton invariant masses measured by the ATLAS experiment at the LHC. The
bump at m.,, ~ 125 GeV is consistent with a SM Higgs boson of that mass [27].

gluon fusion followed by h — bb. Unfortunately, this signal process is completely swamped
by bb background events from QCD processes that do not involve the Higgs. Instead, the
most important channel for the initial Higgs discovery was inclusive Higgs production (i.e.
all possible channels) followed by decays to photon pairs, h — ~7. While this decay mode
is rare, with BR(h — ~v) ~ 0.002, it is relatively easy to identify in the LHC detectors
and it has a relatively small non-Higgs background. These decays can also be identified by
combining the measured 4-momenta p; o of the photons into an invariant mass,

Moy =/ (p1+p2)* . (30)

Applying energy-momentum conservation, it is not hard to check that m., >~ my, for a pair of
photons from a decaying Higgs boson. In contrast, the diphoton invariant mass distribution
from background events falls smoothly. Both features were seen in the data, Fig. B [27].
A second important contribution to the discovery was obtained from the h — ZZ* decay
channel, with each Z decaying to a pair of leptons. In this case, the 4-lepton invariant mass
is expected to reconstruct the Higgs mass.

Following the initial discovery, the Higgs boson has been studied in a number of other
production channels and decay modes. So far, all the data is consistent with the predictions
of the SM [27, 28]. Making a set of fairly mild assumptions (that are consistent with a SM
Higgs), the production rates and couplings of the Higgs to many other SM particles can
be extracted from the experimental data [27, 28]. The production rates in various channels
match the predictions of the SM, and couplings follow the particle masses as expected for the
SM. Results from the ATLAS experiment at the LHC exhibiting these features are shown
in Fig. @ [27]. Despite these successes of the SM Higgs description, a great deal of further
study is needed to test the Higgs sector thoroughly.

12
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Figure 9: Left: Higgs production rates measured by the ATLAS experiment at the LHC in a
number of production channels. Right: Higgs couplings to other SM particles derived from
the data and plotted in relation to the particle masses. Both figures are from Ref. [27].
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