
Large Hadron Collider Physics:

The Next Generation

Lecture 2

Chris Quigg

Fermilab & LPTENS

mailto:quigg@fnal.gov


Anyone unfamiliar with electroweak theory?
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The discovery of the Higgs boson is a major milestone in our progress toward understanding the
natural world. A particular aim of this article is to show how diverse ideas came together in the
conception of electroweak symmetry breaking that led up to the discovery. I will also survey what
we know that we did not know before, what properties of the Higgs boson remain to be established,
and what new questions we may now hope to address.

I. INTRODUCTION

A lively continuing conversation between experiment
and theory has brought us to a radically simple con-
ception of the material world. Fundamental particles
called quarks and leptons are the stuff of direct expe-
rience, and two new laws of nature govern their in-
teractions. Pursuing clues from experiment, theorists
have constructed the electroweak theory1–3 and quantum
chromodynamics,4–7 refined them within the framework
of local gauge symmetries, and elaborated their conse-
quences. In the electroweak theory, electromagnetism
and the weak interactions—so different in range and ap-
parent strength—are ascribed to a common gauge sym-
metry. We say that the electroweak gauge symmetry is
broken, by dynamics or circumstances, to the gauge sym-
metry of electromagnetism.

The electroweak theory and quantum chromodynam-
ics (QCD) join to form the standard model of particle
physics. Augmented to incorporate neutrino masses and
lepton mixing, the standard model describes a vast ar-
ray of experimental information. The gauge theories of
the strong, weak, and electromagnetic interactions have
been validated by experiment to an extraordinary degree
as relativistic quantum field theories. Recent textbook
treatments of QCD and the electroweak theory may be
found, for example in Refs. 8–11.

Until recently, the triumph of this new picture has been
incomplete, notably because we had not identified the
agent that differentiates electromagnetism from the weak
interaction. The 2012 discovery of the Higgs boson by the
ATLAS12 and CMS13 Collaborations working at CERN’s
Large Hadron Collider capped a four-decades-long quest
for that agent. [Further details of the discoveries are re-
ported in Refs. 14–17.] The observations indicate that
the electroweak symmetry is spontaneously broken, or
hidden: the vacuum state does not exhibit the full sym-
metry on which the theory is founded. Crucial insights
into spontaneously broken gauge theories were developed
a half-century ago by Englert & Brout,18 Higgs,19,20 and
Guralnik, Hagen, & Kibble.21 All the experimental infor-
mation we have22–25 tells us that the unstable 125-GeV
particle discovered in the LHC experiments behaves like
an elementary scalar consistent with the properties an-
ticipated for the standard-model Higgs boson.

The first goal of this article is to sketch how a broad
range of concepts, drawn mainly from weak-interaction
phenomenology, gauge field theories, and condensed-
matter physics, came together in the electroweak the-
ory. The presentation complements the construction of
the electroweak theory given in my pre-discovery article,
“Unanswered Questions in the Electroweak Theory”.26
Presentations similar in spirit may be found in Refs.
27,28. Next, I will briefly summarize what we now know
about the Higgs boson, what the discovery has taught
us, and why the discovery is important to our conception
of nature. Finally, I will address what remains to find
out about the 125-GeV Higgs boson and what new ques-
tions are opened by its existence. For example, we need
to discover what accounts for the masses of the electron
and the other leptons and quarks, without which there
would be no atoms, no chemistry, no liquids or solids—
no stable structures. In the standard electroweak theory,
both tasks are the work of the Higgs boson. Moreover,
we have reason to believe that the electroweak theory is
imperfect, and that new symmetries or new dynamical
principles are required to make it fully robust. Through-
out the narrative, I emphasize concepts over technical
details.

II. EXPERIMENTAL ROOTS OF THE
ELECTROWEAK THEORY

This section is devoted to a compressed evocation of
how the phenomenology of the (charged-current) weak
interactions developed, in order to establish what a suc-
cessful theory would need to explain. A superb source for
the experimental observations that led to the creation of
the standard model is the book by Cahn & Goldhaber,29
which discusses and reproduces many classic papers.

Becquerel’s discovery30 of radioactivity in 1896 is one
of the wellsprings of modern physics. In a short time,
physicists learned to distinguish several sorts of radioac-
tivity, classified by Rutherford31 according to the char-
acter of the energetic projectile emitted in the sponta-
neous disintegration. Natural and artificial radioactivity
includes nuclear β decay, observed as

AZ → A(Z + 1) + β− , (1)

For a short course, see my five lectures, “The Standard
Model—Its Magic and Its Shortcomings,” at the São
Paulo school, Particle Physics in the LHC Era, April 2013.
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The whole story . . .
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Our Picture of Matter
Pointlike constituents (r < 10−18 m)

SU(3)c ⊗ SU(2)L ⊗ U(1)Y→ SU(3)c ⊗ U(1)em
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Unbroken SU(3)c ⊗ SU(2)L ⊗ U(1)Y Theory:

As in QED, massless gauge bosons

but weak interaction is short-range

In contrast to QED, massless fermions

Mass term Le = −me ēe = −me(ēReL + ēLeR)

violates local gauge invariance
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Massive Gauge Boson? Hiding Symmetry
Recall 2 miracles of superconductivity:

No resistance . . . . . . Meissner effect (exclusion of B)

Ginzburg–Landau Phenomenology (not a theory from first principles)

normal, resistive charge carriers . . . . . . + superconducting charge carriers

Order Parameter  ψ
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Order Parameter  ψ

ψ0

B = 0: Gsuper(0) = Gnormal(0) + α |ψ|2 + β |ψ|4

T > Tc : α > 0 〈|ψ|2〉0 = 0

T < Tc : α < 0 〈|ψ|2〉0 6= 0
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In a nonzero magnetic field . . .

Gsuper(B) = Gsuper(0) +
B2

8π
+

1

2m∗

∣∣∣∣−i~∇ψ − e∗

c
Aψ

∣∣∣∣2
e∗ = −2

m∗

}
of superconducting carriers

Weak, slowly varying field: ψ ≈ ψ0 6= 0, ∇ψ ≈ 0

Variational analysis ;

∇2A− 4πe∗2

m∗c2
|ψ0|2A = 0

wave equation of a massive photon

Photon – gauge boson – acquires mass within superconductor

origin of Meissner effect

In gauge theory: Brout, Englert, Higgs, Guralnik, Hagen, Kibble
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Hide EW Symmetry in Analogy to Ginzburg–Landau

Electromagnetism is mediated by a massless photon,
coupled to the electric charge;

Mediator of charged-current weak interaction acquires
a mass M2

W = πα/GF

√
2 sin2 θW,

Mediator of (new!) neutral-current weak interaction
acquires mass M2

Z = M2
W /cos2 θW;

Massive neutral scalar particle, the Higgs boson,
appears, but its mass is not predicted;

Fermions can acquire mass—values not predicted.

Determine sin2 θW to predict MW ,MZ

Vacua
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A theory of leptons

L =

(
νe
e

)
L

R ≡ eR

weak hypercharges YL = −1, YR = −2
Gell-Mann–Nishijima connection, Q = I3 + 1

2Y

SU(2)L ⊗ U(1)Y gauge group ⇒ gauge fields:

weak isovector ~bµ, coupling g b`µ = b`µ − εjk`αjbkµ − (1/g)∂µα
`

weak isoscalar Aµ, coupling g ′/2 Aµ → Aµ − ∂µα
Field-strength tensors

F `µν = ∂νb
`
µ − ∂µb`ν + gεjk`b

j
µb

k
ν ,SU(2)L

fµν = ∂νAµ − ∂µAν ,U(1)Y
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Interaction Lagrangian

L = Lgauge + Lleptons

Lgauge = −1
4F

`
µνF

`µν − 1
4 fµν f

µν ,

Lleptons = R iγµ
(
∂µ + i

g ′

2
AµY

)
R

+ L iγµ
(
∂µ + i

g ′

2
AµY + i

g

2
~τ · ~bµ

)
L.

Mass term Le = −me(ēReL + ēLeR) = −me ēe violates local gauge inv.

Theory: 4 massless gauge bosons (Aµ b1µ b2µ b3µ); Nature: 1 (γ)

Chris Quigg (FNAL & LPTENS) LHC Physics . . . Paris · May 2015 73 / 122



Hiding EW Symmetry

Higgs mechanism: relativistic generalization of Ginzburg-Landau
superconducting phase transition

Introduce a complex doublet of scalar fields

φ ≡
(
φ+

φ0

)
Yφ = +1

Add to L (gauge-invariant) terms for interaction and propagation of
the scalars,

Lscalar = (Dµφ)†(Dµφ)− V (φ†φ),

where Dµ = ∂µ + i g
′

2 AµY + i g2~τ · ~bµ and

V (φ†φ) = µ2(φ†φ) + |λ| (φ†φ)2

Add a Yukawa interaction LYukawa = −ζe
[
R(φ†L) + (Lφ)R

]
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Unique and degenerate vacuum states

(a) (b)
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Origin of Fermion Masses

By decree, Weinberg & Salam add
interactions between fermions and scalars
that give rise to quark and lepton masses.

ζe
[
(ēLΦ)eR + ēR(Φ†eL)

]
; me = ζev/

√
2

ζe is picked to give right mass, not predicted

Fermion mass implies physics beyond standard model

Highly economical, but is it true?
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Charged Lepton and Quark Masses
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Electroweak theory tests: tree level
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Electroweak theory tests: tree level (no RHCC)

  eP
­1 ­0.5 0 0.5 1

 [
p

b
]

C
C

σ

0

20

40

60

80

100

120

p Scattering±HERA Charged Current e

2 > 400 GeV2Q

  y < 0.9

Xν →p +e

Xν →p ­e

HERAPDF 1.0 

H1 HERA I
H1 HERA II (prel.)

ZEUS 98­06

H1 HERA I
H1 HERA II (prel.)

ZEUS 06­07
ZEUS HERA I

  eP
­1 ­0.5 0 0.5 1

 [
p

b
]

C
C

σ

0

20

40

60

80

100

120

Chris Quigg (FNAL & LPTENS) LHC Physics . . . Paris · May 2015 79 / 122



Electroweak theory tests: loop level

0

40

80

120

160

200

240

1990 1995 2000 2005 2010 2015

To
p 

M
as

s 
(G

eV
)

Year

H

Chris Quigg (FNAL & LPTENS) LHC Physics . . . Paris · May 2015 80 / 122

http://lutece.fnal.gov/TTS/


Why a Higgs boson “must” exist (first look)

S-matrix analysis of e+e− → W +W−

W–
(a) (b) (c)

S Z0

W+k– k+W– W+k– k+

q1 q2e– e+
q1 q2e– e+

W–

SP
ν

γ

W+

k–k+

q1 q2e– e+

Individual J = 1 partial-wave amplitudes M(1)
γ , M(1)

Z ,

M(1)
ν have unacceptable high-energy behavior (∝ s)
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. . . but sum is well-behaved (LEPEWWG)
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“Gauge cancellation” is not the final word

J = 0 amplitude exists because electrons have mass, and
can be found in “wrong” helicity state

M(0)
ν ∝ s

1
2 : unacceptable HE behavior

This divergence is canceled by
the Higgs-boson contribution

W – W +

e–
q1 q2

k– k+

e+

HS
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⇒ Heē coupling must be ∝ me ,

because “wrong-helicity” amplitudes ∝ me

____  =  ____  =  _____  =

f

f

H
–iζf
√2

–imf (GF√2)1/2–imf

v
–igmf

2MW
—

—

If the Higgs boson did not exist, something else
would have to cure divergent behavior
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If gauge symmetry were unbroken . . .

no Higgs boson; no longitudinal gauge bosons

no extreme divergences; no wrong-helicity amplitudes

. . . and no viable low-energy phenomenology
In spontaneously broken theory . . .

gauge structure of couplings eliminates the most
severe divergences

lesser—but potentially fatal—divergence arises
because the electron has mass . . . due to SSB

SSB provides its own cure—the Higgs boson

Similar interplay and compensation must exist in any
acceptable theory
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Electroweak theory tests: Higgs influence
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The importance of the 1-TeV scale . . .
EW theory does not predict Higgs-boson mass

� Conditional upper bound from Unitarity
Compute amplitudes M for gauge boson scattering at
high energies, make a partial-wave decomposition

M(s, t) = 16π
∑
J

(2J + 1)aJ(s)PJ(cos θ)

Most channels decouple – pw amplitudes are small at
“all” energies – ∀MH .

Four interesting channels:

W +
L W−

L Z 0
LZ 0

L/
√

2 HH/
√

2 HZ 0
L

L: longitudinal, 1/
√

2 for identical particles
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The importance of the 1-TeV scale . . .

Z 0, γ, H

Z 0, γ, H

W – W +

W – W +

W – W +

W – W +

W – W +

W – W +
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The importance of the 1-TeV scale . .
In HE limit, s-wave amplitudes ∝ GFM2

H

lim
s�M2

H

(a0)→ −GFM2
H

4π
√

2
·


1 1/

√
8 1/

√
8 0

1/
√

8 3/4 1/4 0

1/
√

8 1/4 3/4 0
0 0 0 1/2


Require that largest eigenvalue respect partial-wave
unitarity condition |a0| ≤ 1

=⇒ MH ≤
(

8π
√

2

3GF

)1/2

≈ 1 TeV

condition for perturbative unitarity
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The importance of the 1-TeV scale . . .

If the bound is respected

weak interactions remain weak at all energies

perturbation theory is everywhere reliable

If the bound is violated

perturbation theory breaks down

weak interactions among W±, Z , H
become strong on 1-TeV scale

New phenomena are to be found in the EW interactions
at energies not much larger than 1 TeV
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Heavy Higgs Signature: ZZ → µ+µ−µ+µ−

15

3D view3D view

No explicit cut on tracks pNo explicit cut on tracks pTT
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What the Higgs Field Accomplishes

Hides the electroweak symmetry

Gives masses to W and Z
(provides longitudinal components)

Generates fermion masses and mixings
through mysterious Yukawa terms

Makes electroweak theory behave at high energies
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Search for the Standard-Model Higgs Boson

Γ(H → f f̄ ) =
GFm2

f MH

4π
√

2
· Nc ·

(
1− 4m2

f

M2
H

)3/2

∝ MH in the limit of large Higgs mass; ∝ β3 for scalar

Γ(H → W +W−) =
GFM3

H

32π
√

2
(1− x)1/2(4− 4x + 3x2) x ≡ 4M2

W /M2
H

Γ(H → Z 0Z 0) =
GFM3

H

64π
√

2
(1− x ′)1/2(4− 4x ′ + 3x ′2) x ′ ≡ 4M2

Z/M2
H

asymptotically ∝ M3
H and 1

2
M3

H , respectively

2x2 and 2x ′2 terms ⇔ decays into transverse gauge bosons
Dominant decays for large MH : pairs of longitudinal weak bosons
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Exercise 6

Compute the decay rate for the Higgs boson into fermion
pairs given on the previous page,

Γ(H → f f̄ ) =
GFm2

f MH

4π
√

2
· Nc ·

(
1− 4m2

f

M2
H

)3/2

,

using the Feynman rule given above.
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SM Higgs Boson Branching Fractions
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Total width of the standard-model Higgs boson

ΓH(MH = 125.09 GeV) = 4.08 MeV

 [GeV]HM
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Below W +W− threshold, ΓH ∼< 1 GeV

Far above W +W− threshold, ΓH ∝ M3
H

Chris Quigg (FNAL & LPTENS) LHC Physics . . . Paris · May 2015 96 / 122



A few words on Higgs production . . .

e+e− → H : hopelessly small
µ+µ− → H : scaled by (mµ/me)2 ≈ 40 000
e+e− → HZ : prime channel LEP ; MH & 114.4 GeV

Hadron colliders:
gg → H → bb̄: background ?!
gg → H → ττ, γγ: rate ?!

gg → H → W +W−: best Tevatron sensitivity
p̄p → H(W ,Z ): prime Tevatron channel for light Higgs

At the LHC:
Many channels accessible, search sensitive up to 1 TeV
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Higgs search in e+e− collisions

σ(e+e− → H → all) is minute, ∝ m2
e

Even narrowness of low-mass H is not enough to make it
visible . . . Sets aside a traditional strength of e+e−

machines—pole physics

Most promising:
associated production e+e− → HZ
(has no small couplings)

e– e+

Z

Z H

σ =
πα2

24
√

s

K (K 2 + 3M2
Z )[1 + (1− 4xW )2]

(s −M2
Z )2 x2

W (1− xW )2

K : c.m. momentum of H xW ≡ sin2 θW
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`+`− → X . . .

Chris Quigg (FNAL & LPTENS) LHC Physics . . . Paris · May 2015 99 / 122



Higgs-boson production at the LHC: 8 TeV

 [GeV] HM
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Higgs-boson production and decay: 8 TeV
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µl = e, 
τν,µν,eν = ν

q = udscb
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ATLAS γγ signal evolution
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CMS 4µ signal evolution
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Evolution of evidence at the LHC (+ Tevatron)

Evidence is developing as it would for
a “standard-model” Higgs boson

Unstable neutral particle, MH = 125.09± 0.24 GeV

predictions. Assuming that the negative log-likelihood ratio
−2 lnΛðμ; mHÞ is distributed as a χ2 variable with two
degrees of freedom, the 68% confidence level (C.L.)
confidence regions are shown in Fig. 4 for each individual
measurement, as well as for the combined result.
In summary, a combined measurement of the Higgs

boson mass is performed in theH→ γγ andH → ZZ → 4l
channels using the LHC Run 1 data sets of the ATLAS

and CMS experiments, with minimal reliance on the
assumption that the Higgs boson behaves as predicted
by the SM.
The result is

mH ¼ 125.09� 0.24 GeV

¼ 125.09� 0.21 ðstatÞ � 0.11 ðsystÞ GeV; ð9Þ

where the total uncertainty is dominated by the statistical
term, with the systematic uncertainty dominated by effects
related to the photon, electron, and muon energy or
momentum scales and resolutions. Compatibility tests are
performed to ascertain whether the measurements are
consistent with each other, both between the different decay
channels and between the two experiments. All tests on
the combined results indicate consistency of the different
measurements within 1σ, while the four Higgs boson mass
measurements in the two channels of the two experiments
agree within 2σ. The combined measurement of the Higgs
boson mass improves upon the results from the individual
experiments and is the most precise measurement to date of
this fundamental parameter of the newly discovered particle.
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Calculated Branching Fractions, MH = 125.1 GeV

bb̄ 0.575
W +W− 0.216

gg 0.0856
τ+τ− 0.0630

cc̄ 0.0290
Z 0Z 0 0.0267
γγ 2.28× 10−3

γZ 0 1.55× 10−3

ss̄ 2.46× 10−4

µ+µ− 2.19× 10−4

. . .
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Evolution of evidence at the LHC

Signal established in γγ,W +W−,Z 0Z 0

W +W−, Z 0Z 0 rates establish role in EWSB
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Distinguishing SM, bosogamous Higgs bosons
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Evidence for τ+τ−, bb̄, tt̄
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Gluon fusion & vector-boson fusion . . .
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Quantum Numbers
γγ ; C = + (assuming CPT)

If a single state, γγ rules out J = 1

JP = 0+ overwhelmingly favored

CDF+D0 rule against JP = 0−, 2+

Compare KTeV determination of π0 parity in e+e−e+e−
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Consistency with Standard-Model Higgs
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Testing Consistency: Direct vs. Indirect Measures

Physics 8, 45 (2015)

collaborations chose different detector technologies, and
therefore different measurement and calibration methods
[2]. These differences make pooling the data compli-
cated, but also allow the experimentalists to cross-check
systematic uncertainties in their separate measurements.
Their combined analyses yield a Higgs boson mass of
125.09± 0.24 GeV, the precision of which is limited by
statistics and by uncertainties in the energy or momen-
tum scale of the ATLAS and CMS detectors.

The first consequence of the new, precise mass value
is sharper predictions, within the standard model, for
the relative probabilities of different Higgs boson decay
modes and production rates [6]. So far, the measured
decay modes and production rates agree with standard-
model predictions. The current uncertainties in the mea-
sured rates are large, but they will be narrowed in the
coming runs at the LHC and at possible future colliders.
Evidence of any deviation would suggest that the Higgs
boson does not follow the standard model textbook, or
that new particles or new forces are implicated in its de-
cays.

With a precisely known Higgs boson mass MH , theo-
rists can also make more refined predictions of the quan-
tum corrections to many observables, such as the Z0 de-
cay rates. These predictions test the consistency of the
electroweak theory as a quantum field theory. Figure 1 il-
lustrates a telling example [7]. The diagonal blue ellipses
show the values of the W boson and top quark masses
required to reproduce a selection of electroweak observ-
ables once MH is fixed. (The narrow and wide ellipses
represent 68% and 95% confidence levels, respectively.)
The range of masses depends on MH , and the precision
with which it is known controls the width of the blue
ellipses. The preferred range overlaps the green ellipses,
which show the directly measured values of the W boson
and top quark masses. In the future, more precise val-
ues for the masses of the Higgs boson, W boson, and top
quark could unveil a discrepancy that might lead to the
discovery of new physics

The specific value of MH constrains speculations about
physics beyond the standard model, including supersym-
metric or composite models. Perhaps most provocative of
all is the possibility that the measured value of the mass is
special. Quantum corrections influence not just the pre-
dictions for observable quantities, but also the shape of
the Higgs potential that lies behind electroweak symme-
try breaking in the standard model. According to recent
analyses, the newly reported value of the Higgs boson
mass corresponds to a near-critical situation in which the
Higgs vacuum does not lie at the state of lowest energy,
but in a metastable state close to a phase transition [8].
This might imply that our Universe is living on borrowed
time, or that the electroweak theory must be augmented
in some way.

With LHC Run 2 about to commence, now at higher
energies, particle physicists can look forward to a new
round of exploration, searches for new phenomena, and
refined measurements. Combined analyses and critical

FIG. 1: Values of the top quark and W boson masses mea-
sured in experiments (green) and inferred from calculations
(blue). The inner and outer ellipses represent 68% and 95%
confidence levels, respectively, for the measured and inferred
values. Within current experimental and theoretical uncer-
tainties, the two ways of determining the top quark and W
boson masses agree. A more precise value of the Higgs mass
would narrow the width of the blue ellipses, whereas improved
measurements of the top quark and W boson masses would
shrink the green ellipses, making for a more incisive test for
new physics. (Note, the calculations assume the Higgs mass
has a central value of 125.14 GeV, which differs insignificantly
from the new measurement by ATLAS and CMS, but does not
affect the width of the blue ellipses.) (M. Baak et al. (Gfitter
Group) [7])

evaluations, such as the measurement of the Higgs boson
mass discussed here, will help make the most of the data.
We still have much to learn about the Higgs boson, the
electroweak theory, and beyond.
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