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Normal matter ∼ 4%

we don’t know much about dark matter or dark energy
we will only focus on normal matter, ∼ 4% of universe energy
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Mass: a fundamental concept in physics

intrinsic property of matter (m, e, s)

inertial mass
~F = m~a

i
∂

∂t
ψ =

[
− ~2

2m
∇2 + V

]
ψ

gravitational mass
F = G

m1m2

r2

special relativity E = mc2, E2 = ~p2c2 +m2c4

general relativity, equivalence principle:
inertial mass ∼ gravitational mass
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QCD accounts for masses of most normal matter
(instead of the Higgs boson)

QCD dynamics dominates the proton mass.

proton (uud) mass: mp = 938.27 MeV
but mu ∼ 2.3 MeV, md ∼ 4.8 MeV

hadron masses cannot be calculated analytically (yet or ever)
perhaps string theory can help? AdS/QCD? lattice, of course
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But why do we need Higgs?
arXiv:0901.3958

Gedanken worlds without Higgs fields: QCD-induced electroweak symmetry breaking
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To illuminate how electroweak symmetry breaking shapes the physical world, we investigate toy

models in which no Higgs fields or other constructs are introduced to induce spontaneous symmetry

breaking. Two models incorporate the standard SUð3Þc # SUð2ÞL # Uð1ÞY gauge symmetry and fermion

content similar to that of the standard model. The first class—like the standard electroweak theory—

contains no bare mass terms, so the spontaneous breaking of chiral symmetry within quantum chromo-

dynamics is the only source of electroweak symmetry breaking. The second class adds bare fermion

masses sufficiently small that QCD remains the dominant source of electroweak symmetry breaking and

the model can serve as a well-behaved low-energy effective field theory to energies somewhat above the

hadronic scale. A third class of models is based on the left-right-symmetric SUð3Þc # SUð2ÞL # SUð2ÞR #
Uð1Þ gauge group. In a fourth class of models, built on SUð4ÞPS # SUð2ÞL # SUð2ÞR gauge symmetry, the

lepton number is treated as a fourth color and the color gauge group is enlarged to the SUð4ÞPS of Pati and
Salam (PS). Many interesting characteristics of the models stem from the fact that the effective strength of

the weak interactions is much closer to that of the residual strong interactions than in the real world. The

Higgs-free models not only provide informative contrasts to the real world, but also lead us to consider

intriguing issues in the application of field theory to the real world.

DOI: 10.1103/PhysRevD.79.096002 PACS numbers: 11.15.$q, 12.10.$g, 12.60.$i

I. INTRODUCTION

Over the past 15 years, the electroweak theory [1] has
been elevated from a promising description to a provisional
law of nature, tested as a quantum field theory at the level
of one part in a thousand by many measurements [2].
Joined with quantum chromodynamics, the theory of the
strong interactions, to form the standard model (SM) based
on the gauge group SUð3Þc # SUð2ÞL # Uð1ÞY , and aug-
mented to incorporate neutrino masses and lepton mixing,
it describes a vast array of experimental information.

In this picture, the electroweak symmetry is spontane-
ously broken, SUð2ÞL # Uð1ÞY ! Uð1Þem, when an ele-
mentary complex scalar field ! that transforms as a
(color-singlet) weak-isospin doublet with weak hyper-
charge Y! ¼ 1 acquires a nonzero vacuum expectation
value, by virtue of its self-interactions [3]. The scalar field
is introduced as the agent of electroweak symmetry break-
ing and its self-interactions, given by the potential
Vð!y!Þ ¼ "2ð!y!Þ þ j#jð!y!Þ2, are arranged so that
the vacuum state corresponds to a broken-symmetry solu-
tion. The electroweak symmetry is spontaneously broken if
the parameter "2 is taken to be negative. In that event,
gauge invariance gives us the freedom to choose the state
of minimum energy—the vacuum state—to correspond to
the vacuum expectation value

h!i0 ¼
!

!þ

!0

" #$

0
¼ 0

v=
ffiffiffi
2

p
" #

; (1.1)

where v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
$"2=j#j

p
. Three of the 4 degrees of freedom

of ! and !y become the longitudinal components of the
gauge bosons Wþ, W$, Z0. The fourth emerges as a
massive scalar particle H, called the Higgs boson, with

its mass given symbolically by M2
H ¼ $2"2 ¼

ffiffiffiffiffiffiffiffiffi
2j#j

p
v.

Fits to a universe of electroweak precision measure-
ments [2] are in excellent agreement with the standard
model. However, the Higgs boson has not been observed
directly, and we do not know whether such a fundamental
field exists or whether some different mechanism breaks
electroweak symmetry. One of the great campaigns now
under way in both experimental and theoretical particle
physics is to advance our understanding of electroweak
symmetry breaking by finding H or its stand-in.
For all its successes, the electroweak theory leaves many

questions unanswered. It does not explain the choice "2 <
0 required to hide the electroweak symmetry, and it merely
accommodates, but does not predict, fermion masses and
mixings. Moreover, the Higgs sector is unstable against
large radiative corrections. A second great campaign has
been to imagine more complete and predictive extensions
to the electroweak theory, and to test for experimental
signatures of those extensions, which include supersym-
metry, dynamical symmetry breaking, and the influence of
extra spacetime dimensions. These more ambitious theo-
ries also put forward tentative answers to questions that lie
beyond the scope of the standard model: the nature of dark
matter, the matter asymmetry of the Universe, etc. Theories
that incorporate quarks and leptons into extended families
point toward unification of the separate SUð3Þc # SUð2ÞL #
Uð1ÞY gauge couplings. They may also provide a rationale
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Why is mass an issue?

symmetry dictates interaction
gauge symmetry to ensure renormalizibility
prohibits gauge boson masses
fermions are chiral, parity violation
chiral symmetry prohibits fermion masses
dynamical origins of masses for gauge bosons and chiral
fermions
scalars are different, no symmetry to prevent a mass term
(except supersymmetry)
no fundamental scalars before the Higgs boson
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Chiral symmetry

1 =
1 + γ5

2
+

1− γ5
2

vector interaction, in which ψL and ψR transform in the
same way, has SU(N)L × SU(N)R chiral symmetry

iψ̄��Dψ = iψ̄L��DψL + iψ̄R��DψR

invariant under ψiL → U ijL ψ
j
L, ψiR → U ijL ψ

j
R

broken by mass terms of ψ

ψ̄ψ = ψ̄RψL + ψ̄LψR
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Chiral symmetry breaking
low energy QCD has SU(2)L × SU(2)R chiral symmetry

9. Quantum chromodynamics 31

Notwithstanding these open issues, a rather stable and well defined world average
value emerges from the compilation of current determinations of αs:

αs(M
2
Z) = 0.1184 ± 0.0007 .

The results also provide a clear signature and proof of the energy dependence of αs, in
full agreement with the QCD prediction of Asymptotic Freedom. This is demonstrated in
Fig. 9.4, where results of αs(Q

2) obtained at discrete energy scales Q, now also including
those based just on NLO QCD, are summarized and plotted.

Figure 9.4: Summary of measurements of αs as a function of the respective energy
scale Q. The respective degree of QCD perturbation theory used in the extraction
of αs is indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to
leading order; res. NNLO: NNLO matched with resummed next-to-leading logs;
N3LO: next-to-NNLO).

July 9, 2012 19:53

at an energy scale ΛQCD, strong interactions become strong,
confinement and fermion condensates 〈q̄q〉 appear

SU(2)L × SU(2)R → SU(2)V

leave with three Goldstone bosons (massless pions)
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Quark condensate links left- and right-handed fermions

〈q̄q〉 = 〈q̄RqL + q̄LqR〉
while

QiL =

(
ui

di

)
L

: (3, 2,
1

3
)

uiR : (3, 1,
4

3
); diR : (3, 1,−2

3
)

〈q̄q〉 transform as SU(2)L doublet with | Y |= 1
which breaks SU(2)L × U(1)Y → U(1)EM
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Weak gauge boson masses
broken generators: 3 axial currents; couplings to π: fπ
gauge interactions SU(2)L × U(1)Y : gauge bosons couple to
axial currents, acquire mass ∼ gfπ, g ∼ 0.65, g′ ∼ 0.34,
fπ = 90 MeV, under the basis (W1,W2,W3, B)

M2 =


g2 0 0 0
0 g2 0 0
0 0 g2 gg′

0 0 gg′ g′2

 f2π
4

diagnoalization results in

MW = gfπ/2 ∼ 28 MeV,MZ =

√
g2 + g′2fπ/2 ∼ 32 MeV,MA = 0

weak Interaction strongly enhanced! fast β-decay.

(MW = 80 GeV,MZ = 91 GeV)

More important, pions exist in nature
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No fermion mass: Is that a problem?

Bohr Radius
a0 =

~
mecα

me → 0, a0 →∞
no atom→ no valence bonding→ no stable matter.....
extra: if me ∼ mµ, cold fusion!

浙浙浙江江江大大大学学学 · 浙浙浙江江江近近近代代代物物物理理理中中中心心心 罗罗罗民民民兴兴兴 中中中科科科大大大交交交叉叉叉科科科学学学中中中心心心 2012/12



Meissner effect: condensation in condensed matter physics

electron-phonon interaction
Cooper-pair formed that breaks U(1)

superconductivity
U(1) photon gets mass: Meissner effect

浙浙浙江江江大大大学学学 · 浙浙浙江江江近近近代代代物物物理理理中中中心心心 罗罗罗民民民兴兴兴 中中中科科科大大大交交交叉叉叉科科科学学学中中中心心心 2012/12



Higgs mechanism in the SM: SU(2)L × U(1)Y → U(1)EM

φ =

(
φ+

φ0

)
L

: (1, 2, 1)

L = (Dµφ)†(Dµφ)− V (φ†φ); V (φ†φ) = µ2(φ†φ)+ | λ | (φ†φ)2

where

Dµ = ∂µ + i
g′

2
Y Bµ + i

g

2
τ ·Wµ

〈φ〉 =

(
0
v

)
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Weak gauge boson masses

if there exisits a local gauge symmetry, to each generator
Qa of the gauge group, there must be a vector field Aaµ
gauge boson masses violate gauge invariance
massless Aµ has only two transverse polarizations
longitudinal polarization ε0µ = ( pm , 0, 0,

E
m), extra d.o.f

two Casimirs in Poincare group: C1 = pµpµ = m2,
C2 = WµWµ = −m2s(s+ 1)
m = 0, Wµ = λpµ (λ = ~s · p̂), C1 and C2 are dependent
weak gauge bosons acquire masses from 〈φ〉
SU(2)L × U(1)Y → U(1)EM
three Goldstones→ longitudinal W± and Z
(mixing with pions)
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SM fermion masses

−L = YuQ̄Lφ̄uR + YdQ̄LφdR + Ye ¯̀
LφeR

Yi explicitly break U(3)Q × U(3)u × U(3)d × U(3)` × U(3)e
If Yi = 0, mf = 0 and radiatively corrected ∆mf = 0

SM fermion masses are consequences of both chiral and
electroweak gauge symmetry breaking
Keep in mind mt/me ∼ 106, mt/mν ∼ 1012

Neutrino mass may be non-trivial. Charge quantization (U(1)Y assignment)
is determined by anomaly free condition of SM gauge symmetries but pure
Dirac neutrino mass may result shift in it. Majorana type neutrino can ensure
Y = 0 for right-handed neutrino.
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Confirmation of Higgs mechanism
large mt couples to symmetry breaking sector strongly
Goldstone is equivalent to longitudinal polarized W
mb/mt → 0: “massless” b is left-handed polarized

The heaviest particle of the SM is the top quark. The top quark 

is also influenced in a not-so-intuitive way by its coupling to the 

symmetry-breaking sector.

Consider the process of t decay:  t    bW+. 

The final quark is a bL (if we ignore mb). 

There are two possible W+ helicity states.  

Define the decay angle     as for W:

a  tL can decay to 

b

W+

t

t

t

bL

bL

W+
L

W+
0

longitudinal W polarization: ε0 ∼ kµ/mW

ε∗0ūbLγµut '
mt

mW
ūbLut

f0 =
Γ(t→ bW+

0 )

Γ(t→ bW+
0 ) + Γ(t→ bW+

+ ) + Γ(t→ bW+
− )
' 70%

f− ' 30%, f+ ' 0
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Confirmed by both Tevatron and LHC

22 M. Aldaya 

    W polarization (2.2 fb-1)   
Anomalous contributions to the tWb vertex change 
the probabilities of the W helicity states 

CMS-PAS  
TOP-11-020 

!  In SM: 3 possible W helicity states: 
F0 (longitudinal) ~ 0.70, FL (left) ~ 0.30, FR (right) ~ 0  

Angle between 
charged lepton 
and top direction 
in W rest frame 

!  Helicity fractions  
extracted from maximum likelihood fit: 

•  1 isolated high-pT µ, 
  ! 4 jets, ! 1 b-tag 
•  Kinematic fit to  
reconstruct ttbar system 

!  Good agreement with SM  
!  Similar precision as previous 
measurements (Tevatron, ATLAS) 

!  Measure sensitive  
variable, cos("*), in  
muon+jets channel: 

F0 

FR 
FR 

XXVI Rencontres de la Vallee d'Aoste, 01.03.12 

Feb’12 

Great! but what does it tell us?
EWSB occurs but not how EWSB take place......
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How to search it?
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digging signal out of QCD: 1 out of 108

high pT object of pT > 120 GeV: large mass difference
Irrelevant to Higgs
large missing transverse energy: ��ET > 40 GeV: neutrino
isolated hard leptons (electron or muon) or photon:
e±, µ±, γ: isolation is the key
jet with displaced vertex: b-tagging: b is from gluon splitting
third generation new physics
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Production of SM Higgs at hadron colliders

, , , ,

Preliminary Background

SM Higgs Boson Production

LHC:
• gluon fusion (ggF) and vector boson fusion (VBF) – main production.
• V ⇤ ! VH (V = W or Z) with H ! bb and VBF ! H with H ! ⌧+⌧�.

Tevatron: V ⇤ ! VH (V = W or Z) with H ! bb only.

gg ! H: Good for WW , ZZ , �� final states; Bad for H ! bb̄ (overwhelming QCD
backgrounds!)
qq ! V ⇤ ! VH: Good for H ! bb̄ final states in the Leptons + Jets search (W/Z boson
decays to leptons which are straightforward to select).

Yun Jiang (U.C. Davis) 125 GeV Higgs in the NMSSM & 2HDM 4 / 67
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Decay of SM Higgs

, , , ,

Preliminary Background

SM Higgs Boson Decay

ZZ , ��, Z�: small branching ratio but clean signatures and NO missing energy.
WW : more sizable branching ratio; two leptons + missing energy.
bb̄: largest branching ratio; quark hadronization into jets.

Yun Jiang (U.C. Davis) 125 GeV Higgs in the NMSSM & 2HDM 5 / 67
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Discovery potential of O(120 GeV) Higgs at hadron colliders

gg → φ→ bb̄ is the largest channel but suffer from huge
SM background
di-photon gg → φ→ γγ and four lepton
gg → φ→ ZZ∗ → 4`± are the two most promising
channels, clean and full reconstructable
φ→ bb̄ can be searched via associated production Wφ and
Zφ (bb is large at LHC. b-jet measurement has larger
uncertainty: a broad mass range)
weak boson fusion (WBF) with φ→ ττ may be useful
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Discovery of a Higgs-like boson at the LHC
two cleanest channels γγ, 4`:

reconstruction masses at 125 GeV
dilepton also consistent with ZZ∗ → 4` at 125 GeV

      The LHC experiments have discovered a new particle

•   The observed decay modes indicate that the new particle is a boson.

• The evidence is strong that the new particle decays to γγ, ZZ and WW 
   with rates roughly consistent with those predicted for the SM Higgs boson.

analysis include those associated with interference ef-
fects between tt̄ and single top, initial state an final state
radiation, b-tagging, and JER. The impact on the total
background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the to-
tal yield is 14%. Theoretical uncertainties on the Wγ
background normalisation are evaluated for each jet bin
using the procedure described in Ref. [117]. They are
±11% for the 0-jet bin and ±50% for the 1-jet bin. For
Wγ∗ with m�� < 7 GeV, a k-factor of 1.3±0.3 is applied
to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for
Wγ∗/WZ(∗) with m�� > 7 GeV is 1.5 ± 0.5. These un-
certainties affect mostly the 1-jet channel, where their
impact on the total background yield is approximately
4%.

Table 5: The expected numbers of signal (mH = 125 GeV) and back-
ground events after all selections, including a cut on the transverse
mass of 0.75 mH < mT < mH for mH = 125 GeV. The observed
numbers of events in data are also displayed. The eµ and µe chan-
nels are combined. The uncertainties shown are the combination of
the statistical and all systematic uncertainties, taking into account the
constraints from control samples. For the 2-jet analysis, backgrounds
with fewer than 0.01 expected events are marked with ‘-’.

0-jet 1-jet 2-jet
Signal 20± 4 5± 2 0.34± 0.07
WW 101± 13 12± 5 0.10± 0.14
WZ(∗)/ZZ/Wγ(∗) 12± 3 1.9± 1.1 0.10± 0.10
tt̄ 8± 2 6± 2 0.15± 0.10
tW/tb/tqb 3.4± 1.5 3.7± 1.6 -
Z/γ∗ + jets 1.9± 1.3 0.10± 0.10 -
W + jets 15± 7 2± 1 -
Total Background 142± 16 26± 6 0.35± 0.18
Observed 185 38 0

6.4. Results
Table 5 shows the numbers of events expected from

a SM Higgs boson with mH = 125 GeV and from the
backgrounds, as well as the numbers of candidates ob-
served in data, after application of all selection criteria
plus an additional cut on mT of 0.75 mH < mT < mH .
The uncertainties shown in Table 5 include the system-
atic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Sec-
tion 6.2. An excess of events relative to the background
expectation is observed in the data.

Figure 6 shows the distribution of the transverse mass
after all selection criteria in the 0-jet and 1-jet channels
combined, and for both lepton channels together.

The statistical analysis of the data employs a binned
likelihood function constructed as the product of Pois-
son probability terms for the eµ channel and the µe
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Figure 6: Distribution of the transverse mass, mT, in the 0-jet and 1-jet
analyses with both eµ and µe channels combined, for events satisfying
all selection criteria. The expected signal for mH = 125 GeV is shown
stacked on top of the background prediction. The W+jets background
is estimated from data, and WW and top background MC predictions
are normalised to the data using control regions. The hashed area
indicates the total uncertainty on the background prediction.

channel. The mass-dependent cuts on mT described
above are not used. Instead, the 0-jet (1-jet) signal re-
gions are subdivided into five (three) mT bins. For the
2-jet signal region, only the results integrated over mT
are used, due to the small number of events in the final
sample. The statistical interpretation of the observed
excess of events is presented in Section 9.

7. Statistical procedure

The statistical procedure used to interpret the data is
described in Refs. [17, 118–121]. The parameter of in-
terest is the global signal strength factor µ, which acts as
a scale factor on the total number of events predicted by
the Standard Model for the Higgs boson signal. This
factor is defined such that µ = 0 corresponds to the
background-only hypothesis and µ = 1 corresponds
to the SM Higgs boson signal in addition to the back-
ground. Hypothesized values of µ are tested with a
statistic λ(µ) based on the profile likelihood ratio [122].
This test statistic extracts the information on the signal
strength from a full likelihood fit to the data. The likeli-
hood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the CLs prescrip-
tion [123]; a value of µ is regarded as excluded at
95% CL when CLs is less than 5%. A SM Higgs bo-
son with mass mH is considered excluded at 95% confi-
dence level (CL) when µ = 1 is excluded at that mass.
The significance of an excess in the data is first quan-

15

The largest absolute signal yield as defined above is
taken as the systematic uncertainty on the background
model. It amounts to ±(0.2−4.6) and ±(0.3−6.8) events,
depending on the category for the 7 TeV and 8 TeV data
samples, respectively. In the final fit to the data (see
Section 5.7) a signal-like term is included in the likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive estimate of the uncertainty due to the background
modeling.

5.6. Systematic uncertainties
Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons from Z decays and
photons from Z → �+�−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).
Uncertainties due to the modelling of the underlying
event are ±6% for VBF and ±30% for other produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised in Section 8.

The uncertainty on the expected fractions of signal
events in each category is described in the following.
The uncertainty on the knowledge of the material in
front of the calorimeter is used to derive the amount of
possible event migration between the converted and un-
converted categories (±4%). The uncertainty from pile-
up on the population of the converted and unconverted
categories is ±2%. The uncertainty from the jet energy
scale (JES) amounts to up to ±19% for the 2-jet cate-
gory, and up to ±4% for the other categories. Uncertain-
ties from the JVF modelling are ±12% (for the 8 TeV
data) for the 2-jet category, estimated from Z+2-jets
events by comparing data and MC. Different PDFs and
scale variations in the HqT calculations are used to de-
rive possible event migration among categories (±9%)
due to the modelling of the Higgs boson kinematics.

The total uncertainty on the mass resolution is ±14%.
The dominant contribution (±12%) comes from the un-
certainty on the energy resolution of the calorimeter,
which is determined from Z→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections for the combined 7 TeV and 8 TeV data
sample. The inclusive sample is shown in a) and a weighted version
of the same sample in c); the weights are explained in the text. The
result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residuals of the data
and weighted data with respect to the respective fitted background
component are displayed in b) and d).

5.7. Results

The distributions of the invariant mass, mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed to mH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.

The statistical analysis of the data employs an un-
binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weight wi for events in category i ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1 + S i/Bi),

10

leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
√

s = 7 TeV and
√

s = 8 TeV data in the entire phase-space of the
analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relativelly small contribution of
a SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].

The uncertainties on the lepton reconstruction and
identification efficiencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4� = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4� = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4� = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4� = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4� distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.

The theoretical uncertainties associated with the sig-
nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the effect of the PDF
and αs uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 180 GeV, the measured ZZ(∗) → 4�
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(∗) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4�, for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

√
s = 7 TeV

and
√

s = 8 TeV data. The signal expectation for a SM Higgs with
mH = 125 GeV is also shown.

4.4. Results

The expected distributions of m4� for the background
and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined

6

ATLAS

γγ: spin 0 or 2 (Landau-Yang)
couples to weak gauge bosons (ZZ∗/WW ∗)
if it is spin-zero, production from gluon fusion
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Discovery of a Higgs-like boson at the LHC
two cleanest channels γγ, 4`:

reconstruction masses at 125 GeV
dilepton also consistent with ZZ∗ → 4` at 125 GeV

      The LHC experiments have discovered a new particle

•   The observed decay modes indicate that the new particle is a boson.

• The evidence is strong that the new particle decays to γγ, ZZ and WW 
 with rates roughly consistent with those predicted for the SM Higgs boson.

5.2 H → ZZ 13
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Figure 4: Distribution of the four-lepton invariant mass for the ZZ → 4� analysis. The
points represent the data, the filled histograms represent the background, and the open his-
togram shows the signal expectation for a Higgs boson of mass mH = 125 GeV, added to the
background expectation. The inset shows the m4� distribution after selection of events with
KD > 0.5, as described in the text.

Table 3: The number of selected events, compared to the expected background yields and ex-
pected number of signal events (mH = 125 GeV) for each final state in the H → ZZ analysis. The
estimates of the Z + X background are based on data. These results are given for the mass range
from 110 to 160 GeV. The total background and the observed numbers of events are also shown
for the three bins (“signal region”) of Fig. 4 where an excess is seen (121.5 < m4� < 130.5 GeV).

Channel 4e 4µ 2e2µ 4�
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

−0.8 0.9+0.7
−0.6 2.3+1.8

−1.4 4.4+2.2
−1.7

All backgrounds (110 < m4� < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4� < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9
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Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S + B)
value of its category. The lines represent the fitted background and signal, and the coloured
bands represent the ±1 and ±2 standard deviation uncertainties on the background estimate.
The inset shows the central part of the unweighted invariant mass distribution.

18 6 Decay modes with low mass resolution

Table 4: Observed number of events, background estimates and signal predictions for mH =
125 GeV in each category of the WW analysis of the 8 TeV data set. All the selection require-
ments have been applied. The combined experimental and theoretical, systematic and statis-
tical uncertainties are shown. The Zγ process includes the dimuon, dielectron, and ττ → ��
final states.

Category: 0-jet eµ 0-jet �� 1-jet eµ 1-jet �� 2-jet eµ 2-jet ��
WW 87.6 ± 9.5 60.4 ± 6.7 19.5 ± 3.7 9.7 ± 1.9 0.4 ± 0.1 0.3 ± 0.1
WZ + ZZ + Zγ 2.2 ± 0.2 37.7 ± 12.5 2.4 ± 0.3 8.7 ± 4.9 0.1 ± 0.0 3.1 ± 1.8
Top 9.3 ± 2.7 1.9 ± 0.5 22.3 ± 2.0 9.5 ± 1.1 3.4 ± 1.9 2.0 ± 1.2
W + jets 19.1 ± 7.2 10.8 ± 4.3 11.7 ± 4.6 3.9 ± 1.7 0.3 ± 0.3 0.0 ± 0.0
Wγ(∗) 6.0 ± 2.3 4.6 ± 2.5 5.9 ± 3.2 1.3 ± 1.2 0.0 ± 0.0 0.0 ± 0.0
All backgrounds 124.2 ± 12.4 115.5 ± 15.0 61.7 ± 7.0 33.1 ± 5.7 4.1 ± 1.9 5.4 ± 2.2
Signal (mH = 125 GeV) 23.9 ± 5.2 14.9 ± 3.3 10.3 ± 3.0 4.4 ± 1.3 1.5 ± 0.2 0.8 ± 0.1
Data 158 123 54 43 6 7
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Figure 7: Distribution of m�� for the zero-jet eµ category in the H → WW search at 8 TeV.
The signal expected from a Higgs boson with a mass mH = 125 GeV is shown added to the
background.

γγ: spin 0 or 2 (Landau-Yang)
couples to weak gauge bosons (ZZ∗/WW ∗)
if it is spin-zero, production from gluon fusion
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Jp = 0+ is preferred by latest data

6 Measurement of the Spin and Parity

For X ! ZZ(⇤) ! 4` decays, the observables sensitive to the underlying spin and parity of X are the
masses of the two Z bosons, a production angle, ✓⇤, and four decay angles, �1, �, ✓1 and ✓2. The
production and decay angles are illustrated in Figure 5 and are defined as:

� ✓1 (✓2) is the angle between the negative final state lepton and the direction of flight of Z1 (Z2) in
the Z rest frame.

� � is the angle between the decay planes of the four final state leptons expressed in the four lepton
rest frame.

� �1 is the angle defined between the decay plane of the leading lepton pair and a plane defined by
the vector of the Z1 in the four lepton rest frame and the positive direction of the parton axis.

� ✓⇤ is the production angle of the Z1 defined in the four lepton rest frame.

Figure 5: Definition of the production and decay angles in an X ! ZZ(⇤) ! 4` decay. The illustration
is drawn with the beam axis in the lab frame, the Z1 and Z2 in the X rest frame and the leptons in their
corresponding parent rest frame (see text for further description).

In the case of a spin zero boson, the production cross section does not depend on the production
angle ✓⇤ nor the decay angle �1 since X has no spin axis with which one can define these angles. In this
case, di↵erent parities can be distinguished by studying the decay angles �, ✓1, ✓2. On the other hand,
all the angles are important when discriminating between the cases of non-zero integer spin. Finally, it
should be noted that in the low mass region (mH < 180 GeV) the shapes of the m12 and m34 distributions
become sensitive to spin and parity.

In this study, four hypotheses for spin/parity states are tested, namely JP 0+, 0� ,2+, 2�. As mentioned
in Section 1, the spin 1 hypothesis is excluded by the observation of X ! ��, and is not considered for
this note. The spin 2 states correspond to a graviton-like tensor with minimal couplings (2+m), equivalent
to a Kaluza Klein graviton, and a pseudo-tensor (2�), both minimally suppressed by the energy scale.
This study follows the notation discussed in Refs. [65] and [75], with couplings g1 (in production and
decay) and g5 (in decay) set to 1 for 2+m and couplings g1 (in production), and g8 and g9 (in decay) set
to 1 for 2�, and only gluon fusion production is considered. The pseudo-tensor (2�) model [65] used
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Figure 20: Distributions of the log-likelihood ratio generated with more than 50,000 Monte Carlo
pseudo-experiments when assuming the spin 0+ hypothesis and testing the 0�, 2+m and 2� hypotheses.
In each experiment the expected number of signal and background events is fixed to the observed yields.
The data are indicated by the solid vertical lines, and the median of each of the expected distributions is
indicated by a dashed line. The shaded areas correspond to the observed p0-values, representing the com-
patibility with the tested hypothesis H1 (right shaded area) and the assumed hypothesis H0 (left shaded
area). The distributions (a), (b), and (c) are for BDT and (d), (e), and (f) are for JP-MELA .

support the conclusion that the SM expectation of JP = 0+ is clearly preferred. The alternative spin and
parity hypotheses are excluded with the following confidence levels for the BDT (JP-MELA) analysis:
98.9% (99.7%) for 0�, 84% (83%) for 2+m and 97.1% (97.5%) for 2�.

9 Summary

Updated search results for the newly observed Higgs-like particle have been presented, using 4.6 fb�1

of data at
p

s = 7 TeV and 13.0 fb�1 at
p

s = 8 TeV recorded by the ATLAS detector. An excess of
events above background is seen with the smallest p0 of 0.0021% (4.1 standard deviations) appearing
at mH = 123.5 GeV. This can be compared to the previous result of a p0 value of 0.018% (3.6 standard
deviations), at mH = 125 GeV, for 4.9 fb�1 at

p
s = 7 TeV and 5.8 fb�1 at

p
s = 8 TeV. The fitted mass

is 123.5 ± 0.9 (stat) ± 0.3 (syst) GeV, and the signal strength (the ratio of the observed cross-section to
the expected SM cross-section) of the Higgs-like particle at this mass is found to be 1.3+0.5

�0.4.
A first analysis of the spin and parity of the new particle has been presented. Hypothesis tests

32

浙浙浙江江江大大大学学学 · 浙浙浙江江江近近近代代代物物物理理理中中中心心心 罗罗罗民民民兴兴兴 中中中科科科大大大交交交叉叉叉科科科学学学中中中心心心 2012/12



A SM Higgs at 125 GeV?
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Figure 4: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–Mh plane
(left), zoomed in the region of the current experimental range of Mh and Mt (right). Taken from [37]

the Higgs boson mass itself,

mh = C
p

Nc

p
mtY, (5.7)

where Nc = 3 is the number of colors, mt is the top mass and C is a model dependent coefficient
of O(1). Barring unnatural fine-tunings, this very equation and the measured mh = 125 GeV call
therefore for a semi-perturbative value of Y , i.e. for masses mY below or at about 1 TeV, for minimal
values of f = 500÷800 GeV. Not surprisingly, the direct search for these fermions is the key to test
this picture. To respect the main constraints from the EWPT, these coloured top partners have to
come in representations of a global SU(2)L⇥SU(2)R⇥U(1)X group, as such with several possible
charges, Q = 5/3,2/3,�1/3. Current searches at LHC, limited to the data taken at

p
s = 7 TeV,

exclude Q = 5/3 states below about 700 GeV. An interesting question is to see how the composite
Higgs picture copes with the constraints from flavour and the full EWPT.

5.3 What if the f mass is not natural?

While the hypothesis of a natural Higgs boson is being put under severe experimental scrutiny,
one has to contemplate the case that the Higgs boson is not natural at all. Given the number of
different possible directions that this opens up, the first question that can be asked is what happens if
one assumes that the SM evolves unchanged up to very high energies. Recent accurate calculations
[35, 36, 37, 38] of the running of the various couplings show that the Higgs boson self coupling,
which relates at tree level to the Higgs mass as

l =
GFm2

hp
2

, (5.8)

starts at the Fermi scale at a value of about 0.1 and slowly flattens out, crossing zero at a high
energy scale quite dependent on the value of the top mass: µ ⇡ 1010 GeV for mt = 173.1 GeV.
To keep l above zero up to the Plank scale would require a low value of mt , about 3s away from
the current central value mt = 173.1 ± 0.7 GeV. All this reflects itself in the location, shown in

10
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σ(gg → h→ γγ)/σSM ' 1.9± 0.5

σ(gg → h→ ZZ∗ → 4`)/σSM & 1

σ(gg → h→WW ∗ → 2`2ν)/σSM & 1
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Figure 19: Values of σ/σSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall σ/σSM value 0.87 ± 0.23. The symbol
σ/σSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
σ/σSM values for individual modes; they include both statistical and systematic uncertainties.

The Signal strength may be computed in all
different production and decay channels and is consistent with the SM

 However 
A di-photon rate enhancement is the most visible feature at both experiments.

The WW/ZZ rates in average are at the SM value 
There is an apparent suppression of tau production in VBF.  

Present experimental uncertainties allow for a wide variety of new physics alternatives.
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Figure 9: The observed (solid) local p0 as a function of mH in the
low mass range. The dashed curve shows the expected local p0 under
the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding
to significances of 1 to 6 σ.

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4� and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as
a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126 GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126 GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.

In order to test which values of the strength and
mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while
in the absence of a signal the contours will be upper
limits on µ for all values of mH .

Asymptotically, the test statistic −2 ln λ(µ,mH) is dis-
tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ �ν�ν channels are shown in

)µSignal strength (
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Figure 10: Measurements of the signal strength parameter µ for
mH=126 GeV for the individual channels and their combination.

Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ZZ(∗)→ 4� channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.

The probability for a single Higgs boson-like particle
to produce resonant mass peaks in the H→ZZ(∗)→ 4�
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 20%.

The contributions from the different production
modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.

Since there are four Higgs boson production modes at
the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µtt̄H have been grouped together as they
scale with the tt̄H coupling in the SM, and are denoted
by the common parameter µggF+tt̄H . Similarly, µVBF and
µVH have been grouped together as they scale with the
WWH/ZZH coupling in the SM, and are denoted by the
common parameter µVBF+VH . Since the distribution of
signal events among the 10 categories of the H→ γγ
search is sensitive to these factors, constraints in the
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Likelihood scan for Mass and  
Signal strength in three high  
mass resolution channels 
Results are self-consistent; 
 can be combined 
 

                      Characterization of  
                       the Excess: Mass  

31 

To reduce model dependence,       
float cross sections in 3 channels;            

     do 1D fit for a common mass:  

     mX = 125.3 ± 0.6 GeV 
 125.1 ± 0.7 (± 0.4 stat ± 0.6 sys) 

ZZ: 125.6 ± 1.2 (± 0.9 stat ± 0.8 sys) 
Combined: 125.3 ± 0.6 (± 0.4 stat ± 0.5 sys) 

VBF no tag 

ZZ 

Combined 

 

σ(gg → h→ γγ)/σSM ' 1.5± 0.4

σ(gg → h→ ZZ∗ → 4`)/σSM . 1

σ(gg → h→WW ∗ → 2`2ν)/σSM . 1
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Maybe supersymmetry?

a fundamental scalar is completely arbitrary and very
dangerous
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Good things about SUSYGauge Couplings Unification

b3 = �11 + 4
3Ng ; b3 = �9 + 2Ng

b2 = �22
3 + 4

3Ng + 1
2nH ; b2 = �6 + 2Ng +

1

2
nH

b1 = 4
3Ng + 1

10nH ; b1 = 0 + 2Ng +
3

10
nH

Matters belong to the GUT multiplates.

University of California, Riverside 06/01/2005 Kai Wang Split Supersymmetry
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Does new data prefer SUSY?

Direct search of SUSY has excluded large parameter space of
the theory, but very model dependent
Even for gluino, squarks’ discovery, it requires large mass
difference and right kinematics
Many SUSY models can easily evade the current searches

light stau or light stop can explain the excess in diphoton
reduction in bb̄, τ+τ− can be easily explained by SUSY
large PQ- and R-symmetry breaking can induce significant
radiative correction in SM fermion mass generation and
reduce Yukawa couplings
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Other wild beasts

technicolor models
little Higgs
extra dimensions
none of the above?
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