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Living in fewer/more dimensions 

• How do we go from 1+3 to 1+2 dimensions?
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The KEY of Collider Physics
Goal: seeing the signal on top of huge backgrounds

1) Choose signal channels which have large cross-sections 
2) Choose the decay mode with a clean collider signature
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In the minimal supersymmetric standard model !MSSM", the masses of the charged Higgs boson (H!) and
the CP-odd scalar !A" are related by MH"

2 #MA
2"mW

2 at the Born level. Because the coupling of W$-A-H" is
fixed by the gauge interaction, the Born level production rate of qq̄!→W!*→AH! depends on only one
supersymmetry parameter—the mass (MA) of A. We examine the sensitivity of the CERN LHC to this signal
event in the A(→bb̄)H"(→#"$#) and A(→bb̄)H"(→t b̄) decay channels. We illustrate how to test the mass
relation between A and H" in case the signal is found. If the signal is not found, the product of the decay
branching ratios of A and H! predicted by the MSSM is bounded from above as a function of MA .
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I. INTRODUCTION

One of the top priorities of current and future high-energy
colliders, such as the Fermilab Tevatron and CERN Large
Hadron Collider !LHC", is to probe the mechanism of elec-
troweak symmetry breaking. In the standard model !SM" of
particle physics, this amounts to searching for the yet-to-be-
found Higgs boson. It is also possible that the mechanism of
electroweak symmetry breaking originates from new physics
beyond the SM. Very often, the low-energy effective theory
of a new physics model predicts the existence of an extended
Higgs sector that contains more than one Higgs boson.
Hence, in order to discriminate each new physics model
from its alternatives, it is important to detect these additional
Higgs bosons and to measure their properties.
Supersymmetry !SUSY" is one of the most commonly

studied new physics models. The Higgs sector of the mini-
mal supersymmetric standard model !MSSM" is known as a
special case of the two Higgs doublet model !THDM" with
the type-II Yukawa interaction %1&. The THDM yields five
physical scalar states, i.e., two CP-even states (h nd H), a
CP-odd state !A" and a pair of charged Higgs bosons (H!).
In contrast with the free parameters in the Higgs sector of

the THDM, the masses and mixing angles among the Higgs
bosons in the MSSM are determined by the gauge couplings
due to the requirement of supersymmetry. One of the striking
features of the MSSM Higgs sector is that the mass (Mh) of
the lightest Higgs boson h is predicted to be smaller than the
mass of the Z boson at the tree level and less than about 130
GeV after including the contribution from radiative correc-
tions %2&. The discovery of such a light Higgs boson could be

a strong hint of the MSSM, as the mass of the SM Higgs
boson has to be approximately between 130 GeV and 180
GeV for the SM to be a valid theory all the way up to the
Planck scale (1019 GeV) %3,4&. However, the discovery of a
light Higgs boson does not exclude new physics models in
which the light Higgs boson naturally has a mass less than
130 GeV, even when the Planck scale is taken as the cutoff
scale of the models. Two examples are the non-SUSY
THDM and the Zee model %5&. Therefore, a detailed study of
the Higgs sector is necessary to discriminate the MSSM from
other new physics models. Needless to say that a general test
of the MSSM should also include the experimental identifi-
cation of superpartner particles, such as sfermions, chargi-
nos, and neutralinos.
Many studies have been done in the literature to show

how to detect heavier MSSM Higgs bosons produced at the
LHC %6,7&. A light charged Higgs boson with mass MH!

%mt$mb may be produced via the top quark decay %8& or
via the pair production qq→H"H$ %9&, gg→H"H$ %10&,
and qq→H"H$qq %11&. The main production channels for
the heavier H! may be those associated with heavy quarks
such as gb→H$t %12& and qb→q!bH! %13&. The associ-
ated production of the W boson and charged Higgs boson
bb̄ , gg→H!W& %14& may also be substantial, especially for
small and large tan' values. The possible discovery chan-
nels from the decay of H! are H!→tb %15&, H!→#$ %16&,
and H!→W!h %17&. Furthermore, the CP-odd Higgs boson
may be produced mainly in association with bottom quarks
(gg ,qq→Abb̄) %18&. The possible discovery channels from
the decay of A are A→t t̄ %7&, A→(( %19&, and A→Zh %20&
for low tan' values, and A→)")$ %21& or ##̄ %22& for
large tan' values. The production and decay channels dis-
cussed above can be used to probe a large part of MSSM
parameter space in the MA versus tan' plane, except for
intermediate values of tan' and large values of MA where
only the lightest Higgs boson h is likely to be found.
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I want to show you how phenomenologists think



The Goal
• AH+ associate production	


➡ A long ignored channel in 
“Higgs Hunter’s Guide”	


➡ A demo for collider simulations

You MUST fully understand your results. 	

    You cannot simply say “I got them from Mad-...” 

Collider 	

Phenomenology

 Mad-suite	

(MadGraph/Event/Analysis)

q

q̄0

W±

A

H±



Motivation
  Physics predictions depend strongly on      	

  the details of SUSY parameters.  

A typical SUSY phenomenology study depends on 
at least two SUSY parameters, e.g.         and      , 
and various physics reach depends on other SUSY 
parameters as well. 

tan� mA

Very often, the physics reach of a process is expressed	

in terms of bounds on 

�(production)⇥ Br(decay branching ratio)

where both    and Br depend on SUSY parameters�

In general detection efficiency also depends on SUSY parameters.



Our task is to find a SUSY process

• whose tree level            depends on only ONE SUSY 
parameter that can be determined by kinematic variable 
(e.g. invariant mass). 

�
prod

• that is not sensitive to the detailed SUSY parameters via 
radiative corrections. 

• that can bound the SUSY models by (product of)

Br (decay branching ratio)
without convoluting with           .�

prod

• that can be used to distinguish MSSM from its alternatives, 
e.g. 2HDM.

• whose final state particle kinematics can be properly 
modeled without specifying any SUSY parameters.

The detection efficiency can be accurately determined.



   The promising process pp ! W± ! AH±

q

q̄0

W±
A

H±

g

2
(pA � pH+)µ

The production cross section in general depends on 
two masses:        and          , e.g. in 2HDM.mA mH+

But in MSSM, 
m2

H+ = m2
A +m2

W

only depends on g and mA .�
prod

mA can be determined from its decay kinematics, 
e.g. the invariant mass        in           .mbb̄ A ! bb̄( )



Production rates
• NLO QCD correction is 

about 20%

• Uncertainty due to PDF is 
about 5% at LHC for mA 

=120GeV.

• The one-loop electroweak 
correction to the 
production rate is smaller 
than the PDF uncertainty.

• The MSSM mass relation between A and H+ holds well 
beyond tree level.



Signal and BKGD
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Detecting the Signal Event

Signal

Backgrounds

Veto additional lepton and jet from 
the parton level background events
that satisfy 



Model parameters and basic cuts
• The model parameters, production rates and decay BRs
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Model parameters and basic cuts

The model parameters, production rates and decay branch ratios

Imposing the following Basic Cuts:

,

, ,
• Imposing basic cuts

pT (b, b̄,⇡+) > 15 GeV,
��⌘(b, b̄,⇡+)

�� < 3.5,�R(b, b̄,⇡+) > 0.4



Set A (mA=101GeV) 
Kinematics Distributions
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Significance
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Set A (m
A
=101 GeV)

Numbers of signal and background events at LHC with 100fb-1.  
The b-tagging efficiency (50%, for tagging both    and    jets) is included, 

and the kinematic cuts  listed in each column are applied sequentially.

Signal: 



Constraint on MSSM
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Constraint on MSSM :

Constraints on the product of branching ratios 

as a function of M
A
 for Case A and Case B, and

for Case C, at the LHC, where     decays into          channel.



So far so good, but 
• Why are all the PT distributions of the signal events 

much harder than those of the SM backgrounds?

Answer:   Matrix element	

             (spin correlations)

u

d

A

H+

b

o+

i

/+

i

b u

d

t

b

b

o+

/+

i

i

Signal BKGD



A quick question
• What does the matrix element square look 

like in the c.m. frame? 

q

q̄0

W±

A

H±

✓

(a) (b) (c) sin2 ✓

sin2
✓

2

ẑ

(d)

(d)

(1 + cos ✓)2 (1� cos ✓)2

cos

2 ✓

2

(e) (f)
sin

2 ✓ cos2 ✓



Matrix element square

⇥
⇥
4t̂û� 4m2

Am
2
H+

⇤

q

q̄0

W±
A

H±

|M|2 =

✓
gp
2

◆2 ⇣g
2

⌘2 1

(ŝ�m2
W )2 +M2

W�2
W

⇥Tr [( 6p3� 6p4) 6p1( 6p3� 6p4) 6p2PR]

p1

p2

p3

p4

p1 = (E, 0, 0, E)

p2 = (E, 0, 0,�E)

p4 = (E4,�Ps✓, 0,�Pc✓)

p3 = (E3, Ps✓, 0, P c✓)

In the c.m.  frame

=

✓
gp
2

◆2 ⇣g
2

⌘2 1

(ŝ�m2
W )2 +M2

W�2
W

=

✓
gp
2

◆2 ⇣g
2

⌘2 1

(ŝ�m2
W )2 +M2

W�2
W

�
4E2

�
⇥
�
4P 2sin2 ✓

 



Matrix element square

⇥
⇥
4t̂û� 4m2

Am
2
H+

⇤

q

q̄0

W±
A

H±

|M|2 =

✓
gp
2

◆2 ⇣g
2

⌘2 1

(ŝ�m2
W )2 +M2

W�2
W

⇥Tr [( 6p3� 6p4) 6p1( 6p3� 6p4) 6p2PR]

p1

p2

p3

p4

p1 = (E, 0, 0, E)

p2 = (E, 0, 0,�E)

p4 = (E4,�Ps✓, 0,�Pc✓)

p3 = (E3, Ps✓, 0, P c✓)

In the c.m.  frame

=

✓
gp
2

◆2 ⇣g
2

⌘2 1

(ŝ�m2
W )2 +M2

W�2
W

=

✓
gp
2

◆2 ⇣g
2

⌘2 1

(ŝ�m2
W )2 +M2

W�2
W

Can we get the angular dependence directly 	

without any lengthy calculation?

�
4E2

�
⇥
�
4P 2sin2 ✓

 



Helicity amplitude

• Jacob-Wick formalism (partial wave decomposition)

a+ b ! c+ d
�a �b �c �d

a

b

c(✓,�)

d(⇡ � ✓,�+ ⇡)

ẑ

Sfi = �fi + i(2⇡)4�4(pf � pi)Mfi

Mfi =
8⇡p
�i�f

1X

J=0

(2J + 1)T J
�a�b;�c�d

(Ecm)dJ�i�f
(✓)ei(�i��f )�

�i = �a � �b

�f = �c � �d

Wigner d-function

     angle is trivial in general.

dJ�i�f
(✓)

• 2 to 2 scattering

�



36. Clebsch-Gordan coefficients 1

36. CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,

AND d FUNCTIONS

Note: A square-root sign is to be understood over every coefficient, e.g., for −8/15 read −
√

8/15.

Y 0
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√

3
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√
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Figure 36.1: The sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The
Theory of Atomic Spectra, Cambridge Univ. Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957),
and Cohen (Tables of the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif., 1974).

PDG Book: d-Functions



Angular momentum in QM
• Consider a vector 

✓
ẑ

x̂

x̂

0

ẑ0

|j,mi J2 J3

|j,mi ! Ry(✓) |j,mi

Ry(✓) = ei✓Jy

Rotation matrices

The modulus squared is the probability that a particle 	

     will have              after the rotation to the new frame.J3 = m0

J3 = m

djm!m0(✓) ⌘ djm,m0(✓) = hjm0|Ry(✓)|jmi



AH+ Production

q q̄0

A

H±

x̂

ẑ

ẑ0
x̂

0

✓

• Rotation matrices of spin-1

(2) A and H+ stay in p-wave.  
(1) Only longitudinal W-boson contributes.

Jy = ip
2

✓ ◆0
0
0
-1
0-1

10
1

 What does that mean?

d1�1,0 = � 1p
2
sin ✓

�f = �A � �H± = 0

�i = �q � �q̄0

= �1/2� 1/2 = �1



AH+ Production

q

q̄0

A

H±

x̂

ẑ

Jy = ip
2

✓ ◆0
0
0
-1
0-1

10
1

• Rotation matrices of spin-1

(2) A and H+ stay in p-wave  

(1) Only longitudinal 	

      W-boson contributes.

d1�1,0 = � 1p
2
sin ✓

✓



AH+ Production

q

q̄0

A

H±

x̂

ẑ

Jy = ip
2

✓ ◆0
0
0
-1
0-1

10
1

• Rotation matrices of spin-1

 Large PT’s of A and H+	


 (and their decay products)
(2) A and H+ stay in p-wave  

(1) Only longitudinal 	

      W-boson contributes.

d1�1,0 = � 1p
2
sin ✓

✓



⌧+

⌫

✓

Tau is polarized
• Tau-lepton from H+ decay is 

left-handedly polarized H+ ~pH+

⌧+

• Tau-lepton from W+ decay is right-handedly polarized

W+

⌧+ W+
Left

W+

⌫

⌫

W+
Long

ẑ ẑ

d1�1,1(✓) =
1� cos ✓

2

✓

d10,1 = � sin ✓p
2

✓

d00,0(✓) = 1



          depends on      polarization
• A left-handed       produces a harder       

p
⇡+ ⌧+

⌧+ ⇡+

⇡+

⌫̄

Left

⌧+
✓

d
1
2

� 1
2 ,�

1
2
= cos

✓

2

⌧+
⌫̄

W+

u

d̄

⇡+

Homework:
Verify the above angular dependence 
with the following effective interaction

�
@µ⇡�� ⌧+�µPL⌫

⌧+

⇡+

⌫̄

Right
✓

d
1
2
1
2 ,�

1
2
= � sin

✓

2

signal BKGD



Interim summary
• Spin correlations force the scalars and its decay products in the signal events 

being highly boosted while those of the  backgrounds are anti-boosted.   
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Mass measurement of H+

• Experimental difficulty:

Given a measured MET, 	

can we tell it is one or 

two neutrinos?

• Four exceptions:

‣ H+:	


‣ tt  :	


‣ h  :	


‣ h  :

tt̄ ! bb̄`+`0�⌫⌫̄ ! bb̄`+`0� 6ET

H+ ! ⌧+⌫ ! ⇡+⌫⌫̄ ! ⇡+ 6ET

h ! ⌧+⌧� ! ⇡+⇡�⌫⌫̄ ! ⇡+⇡� 6ET

h ! W+W� ! `+`0�⌫⌫̄ ! `+`0� 6ET

spin corr.

spin corr.

on mass shell	

conditions

kinematics 

H+

⌫

⌧+

⌫̄

⇡+



Transverse Mass
✓

Definition:

from overall        imbalance

unaffected by longitudinal boosts of        system

not sensitive to 

tail knows about         (direct measurement)

sensitive region for measuring
:

:

Transverse mass of the W-boson

Jacobin peak

MT
W

W+u d̄

⌫

`+

m2
T  m2

W

m2
T = 2

�
E`

T 6ET � p`T 6pT
�

= 2p`T 6ET (1� cos�)

d�

dm2
T

⇠ 1p
1�m2

T /ŝ

★ TM: measuring the mass of 
the W-boson in the leptonic 
decay channel

★ The true mass of the W boson 
satisfies

★ The end point of the transverse 
mass distribution is the W 
boson mass.



H+ reconstruction

H+

⌧+

⌫1

⇡+

Neutrino from tau decay 
is anti-boosted such that 
it tends to be very soft.

⌫̄2

~pH+

H+

⇡+

~pH+

⌫1 ⇠6 ET

mT =

p
2pT (⇡+

) 6ET (1� cos��)

• Spin correlation dominates

��    is the azimuthal angle 	

    between       and ⇡+ 6ET

simplified	

as



     Transverse mass of      and
• Transverse mass of H+ after imposing the mass 

window cut on the two b-jets

⇡+ 6ET

��M(bb̄)� 100
�� < 10 GeV
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Transverse mass of       and      

i.e. transverse mass of H+ 

in the signal event,  after
imposing the additional 
cuts:

or

the transverse mass

where        is the azimuthal angle between      and       .

mH+ = 126 GeV

Set-A
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Set B (m
A
=165 GeV)

Transverse mass of       and      

     Transverse mass of      and
• Transverse mass of H+ after imposing the mass 

window cut on the two b-jets

⇡+ 6ET

Set-B

mH+ = 182 GeV

��M(bb̄)� 165
�� < 10 GeV



Constraint on MSSM
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Constraint on MSSM :

Constraints on the product of branching ratios 

as a function of M
A
 for Case A and Case B, and

for Case C, at the LHC, where     decays into          channel.



Auxiliary material (I) 
Two neutrinos 

‣ H+:	


‣ tt  :	


‣ h  :	


‣ h  :

tt̄ ! bb̄`+`0�⌫⌫̄ ! bb̄`+`0� 6ET

H+ ! ⌧+⌫ ! ⇡+⌫⌫̄ ! ⇡+ 6ET

h ! ⌧+⌧� ! ⇡+⇡�⌫⌫̄ ! ⇡+⇡� 6ET

h ! W+W� ! `+`0�⌫⌫̄ ! `+`0� 6ET

spin correlation

spin correlation

on-shell conditions

kinematics 



t-tbar in dilepton mode
★ Four unknowns and four on-shell conditions

 

  

  

6 unknowns
-2  from MET

Quartic equation

Two complex, two real solutions
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Higgs search in WW dilepton mode
• Spin correlation demands both leptons moving in parallel 
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Higgs search in tau-tau mode
• Collinear approximation p⌧+ = xp⇡+ + (1� x)p⌫1

p⌧� = yp⇡� + (1� y)p⌫2

h
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FIG. 10. Reconstructed τ pair invariant mass distribution for a SM MH = 120 GeV signal and
backgrounds after the cuts of Eqs. (7)-(15),(18) and multiplication of the Monte Carlo results by the
expected particle ID efficiencies and minijet veto survival probabilities. The double-peaked solid black
line represents the sum of the signal and all backgrounds. Individual components are: the Hjj sig-
nal (red), the irreducible QCD Zjj background (solid magenta), the irreducible EW Zjj background
(dashed magenta), and the combined reducible backgrounds from QCD + EW + Higgs WWjj events
and tt̄ + jets and bb̄jj production (blue).

Given our results for the analogous WWjj events
we expect these new backgrounds to be minimal.
This implies that the purely leptonic H → ττ sig-
nal can most likely be enhanced by almost another
factor of two, further reducing the integrated lu-
minosity required for observation of the H → ττ
signal.

Measuring the Higgs-fermion coupling will be
an important test of the Standard Model as well as
its supersymmetric extension. For such a measure-
ment, via the analysis outlined in this paper, mini-
jet veto probabilities must be precisely known. For
calibration purposes, one can analyze Zjj events
at the LHC. The production rates of the QCD and
EW Zjj events can be reliably predicted and, thus,
the observation of the Z → ℓℓ peak allows for a di-
rect experimental assessment of the minijet veto
efficiencies, in a kinematic configuration very simi-
lar to the Higgs signal.

In Summary: Observation of the SM or MSSM
Higgs scalar(s) via h/H → ττ → e±µ∓/pT in weak
boson fusion is possible at the LHC with modest

integrated luminosities, if the Higgs boson lies in
the mass range between about 100 and 140 GeV.
Extending the search range upward to 150 GeV
should eventually be possible. Weak boson fusion
at the LHC promises to be an exciting and im-
portant channel, both for validating the Standard
Model via direct measurement of a Higgs-fermion
coupling and as a low-luminosity “see-or-die” test
of the MSSM.
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Auxiliary material (II)

W-boson Helicity as a measure of the 
chirality structure of the W-t-b coupling



W-boson helicity
• can be measured from the charged-lepton angular distribution
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W Helicity from Top Decay
• A good probe of  the handness of W-t-b coupling
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Quiz
• Angular distribution of the Drell-Yan process ud̄ ! e+⌫
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Quiz
• Angular distribution of the Drell-Yan process ud̄ ! e+⌫
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• Angular distribution of the single-top process 
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• Angular distribution of the single-top process 
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• Angular distribution of the single-top process 
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Top-Quark Physics
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Why top-quark?    
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Mass Precision
Top-quark, W-boson and Higgs boson

1.2 Electroweak precision physics 23

LHC LHC ILC/GigaZ ILC ILC ILC TLEP SM prediction
p
s [TeV] 14 14 0.091 0.161 0.161 0.250 0.161 -

L[ fb�1] 300 3000 100 480 500 3000⇥4 -

�MW [MeV] 8 5 - 4.1-4.5 2.3-2.9 2.8 < 1.2 4.2(3.0)

� sin2 ✓`e↵ [10�5] 36 21 1.3 - - - 0.3 3.0(2.6)

Table 1-12. Target accuracies for the measurement of MW and sin2

✓

`
eff at the LHC, ILC and TLEP,

also including estimated future theoretical uncertainties due to missing higher-order corrections, and theory
uncertainties of their SM predictions. The uncertainties on the SM predictions are provided for �mt =
0.5(0.1) GeV (see Table 1-3 for details). At present the measured values for MW and sin2

✓

`
e↵ are: MW =

80.385 ± 0.015 GeV [112] and sin2

✓

`
e↵

= (23153 ± 16) ⇥ 10�5 [3] compared to their current SM predictions
of Section 1.2.1: MW = 80.360± 0.008 GeV and sin2

✓

`
e↵

= (23127± 7.3)⇥ 10�5.

The vertex correction to the Z ! bb̄ partial width is also of interest, which is sensitively probed by Rb =
�Z!bb̄/�had. A precision of 2� 5⇥ 10�5 is stated as a reasonable goal for the measurement of Rb at TLEP,
a factor of ⇡ 10 improvement over LEP and SLC.

A discussion of present and future anticipated theory errors of predictions for Rb and �Z can be found in
Section 1.2.1.

1.2.6 Prospects for determinations of SM parameters from global fits with
GFITTER

Measurements at future colliders will increase the experimental precision of key observables sensitive to
electroweak loop e↵ects. Among these are the W boson mass, the top quark mass, and the e↵ective
weak mixing angle. Alongside the construction of these machines, progress in the calculation of multi-
loop corrections to these observables, and also in the determination of �↵had(M2

Z), is expected. Taken
together in the global electroweak fit, these improvements will provide tests of the consistency of the SM
with unprecedented power.

This section presents a short summary of preliminary studies foreseen to be published soon. To date results
of the global electroweak fit are compared with expectations for the Large Hadron Collider (LHC) with
R

Ldt = 300 fb�1 at
p
s = 14TeV and the International Linear Collider (ILC) with GigaZ option [197].

The left columns of Table 1-13 summarize the current and the projected experimental precisions for the
observables used in the fit. For the studies of fit prospects at the LHC and ILC presented here, the central
values of the assumed future measurements have been adjusted to obtain a common fit value of MH '
126GeV. We assume that the theoretical uncertainties in the SM predictions of MW and sin2✓`e↵reduce from
the current �theoMW = 4 MeV and �theo sin

2✓`e↵ = 4.7 · 10�5 to 1 MeV and 10�5, respectively. We refer to
our past publications [115, 116, 117] for details about the theoretical calculations and the statistical methods
used.

Indirect determinations of the SM parameters and observables are obtained by scanning the ��2 profile in
fits where the corresponding input constraint is ignored. Examples for such profiles of the Higgs boson mass
are shown in the left panel of Fig. 1-6. The resulting one-sigma uncertainties are listed in Table 1-13.

The assumed improvements in the experimental precision of MW and mt from the LHC lead to a reduction
of the uncertainty in the indirect determination of MH (present: +44

�34 GeV, LHC: +23
�20 GeV). Substantial gain
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Figure 1-6. Fit results for the present and assumed future scenarios compared to the direct measurements.
For the future scenarios the central values of the input measurements are adjusted to reproduce the SM with
MH ' 126 GeV. Left: ��

2 profiles versus MH ; in blue the present result, and in light blue, green and
orange the present, LHC and ILC/GigaZ scenarios are shown, respectively, all using the future fit setup
with corresponding uncertainties. Right: MW versus mt; the horizontal and vertical bands indicate in blue
today’s precision of the direct measurements, and in light green and orange the extrapolated precisions for
LHC and ILC/GigaZ, respectively.

given in Table 1-13. The sensitivity to new physics is improved over a factor of three compared with that of
today.

1.2.7 EWPOs in the MSSM

Precision measurements of SM observables have proven to be a powerful probe of BSM physics via virtual
e↵ects of the additional BSM particles. In general, precision observables (such as particle masses, mixing
angles, asymmetries etc.) constitute a test of the model at the quantum-loop level, since they can be
calculated within a certain model beyond leading order in perturbation theory, depending sensitively on
the other model parameters, and can be measured with equally high precision. Various models predict
di↵erent values of the same observable due to their di↵erent particle content and interactions. This permits
to distinguish between, e.g., the SM and a BSM model, via precision observables. Naturally, this requires
a very high precision of both the experimental results and the theoretical predictions. (It should be kept
in mind that the extraction of precision data often assumes the SM.) Important EWPOs are the W boson
mass, MW , and the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , where the top quark mass plays a crucial
role as input parameter. As an example for BSM physics the Minimal Supersymmetric Standard Model
(MSSM) is a prominent showcase and will be used here for illustration.

The first analysis concerns the W boson mass. The prediction of MW in the MSSM depends on the masses,
mixing angles and couplings of all MSSM particles. Sfermions, charginos, neutralinos and the MSSM Higgs
bosons enter already at one-loop level and can give substantial contributions to MW . The evaluation used
here consists of the complete available SM calculation, a full MSSM one-loop calculations and all available
MSSM two-loop corrections [119, 120]. Due to the strong MSSM parameter dependencies, it is expected
to obtain restrictions on the MSSM parameter space in the comparison of the MW prediction and the
experimental value.
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All MSSM points included in the results have the neutralino as LSP and the sparticle masses pass the
lower mass limits from direct searches at LEP. The Higgs and SUSY masses are calculated using FeynHiggs
(version 2.9.4) [121, 122, 123, 124, 125]. For every point, it was tested whether it is allowed by direct Higgs
searches using the code HiggsBounds (version 3.8.0) [126, 127]. This code tests the MSSM points against
the limits from LEP, Tevatron and the LHC.

The results for MW are shown in Fig. 1-8 as a function of mt, assuming the light CP -even Higgs h in the
region 125.6± 0.7(3.1) GeV in the SM (MSSM) case. The red band indicates the overlap region of the SM
and the MSSM. The leading one-loop SUSY contributions arise from the stop sbottom doublet. However
requiring Mh in the region 125.6± 3.1 GeV restricts the parameters in the stop sector [128] and with it the
possible MW contribution. Large MW contributions from the other MSSM sectors are possible, if either
charginos, neutralinos or sleptons are light.

The gray ellipse indicates the current experimental uncertainty, whereas the blue and red ellipses shows the
anticipated future LHC and ILC/GigaZ precisions, respectively (for each collider experiment separately) of
Table 1-12, along with mt = 172.3± 0.9 (0.5, 0.1) GeV for the current (LHC, ILC) measurement of the top
quark mass. While, at the current level of precision, SUSY might be considered as slightly favored over the
SM by the MW -mt measurement, no clear conclusion can be drawn. The smaller blue and red ellipses, on
the other hand, indicate the discrimination power of the future LHC and ILC/GigaZ measurements. With
the improved precision a small part of the MSSM parameter space could be singled out.
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Figure 1-8. Predictions for MW as a function of mt in the SM and MSSM (see text). The gray, blue and
red ellipses denote the current, and the target LHC and ILC/GigaZ precision, respectively, as provided in
Table 1-12.

In a second step we apply the precise ILC measurement of MW to investigate its potential to determine
unknown model parameters. Within the MSSM we assume the hypothetical future situation that a light
scalar top has been discovered with mt̃1

= 400 ± 40 GeV at the LHC, but that no other new particle has
been observed. We set lower limits of 100 GeV on sleptons, 300 GeV on charginos, 500 GeV on squarks of
the third generation and 1200 GeV on the remaining colored particles. The neutralino mass is constrained
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Degrassi et al. '12

With the NNLO calculation we are able to derive a very precise relation between 
Higgs and top masses from vacuum stability:

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012

Top-Quark Mass vs Higgs-Boson Mass

     v

At large field values:

Veff

    log(Λ/1 GeV)

Veff(|ϕ|)  ≈ λ(|ϕ|) × |ϕ|4  

|ϕ|

 mh = 150 GeV

Stability and metastability bounds

λ(Λ)

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012

Cabibbo et al.  '79; Hung '79;
Lindner 86; Sher '89; ....



• Short lifetime: 

Top-quark: the only bare quark in SM

5⇥ 10�27 s

hadronization

• “bare” quark： 
   spin info well kept  
   among its decay products

t
W

b



Charged lepton: the top-spin analyzer

• In top-quark rest frame
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TOP PHYSICS AT LHC

34

How heavy is the top?

Always with a b-quark?

Always with a W-boson?

How about the 
production mechanism?

How about the couplings?

isospin partner of b-quark?



TOP PRODUCTIONS
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Either STRONG or ELECTROWEAK



Top pair production in the SM
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Christian Autermann                          SUSY searches  19.3.2007

6
Three Examples: 1. Top mass measurement

Comparison of different techniques to 
associate jets to ttbar-event hypotheses

• Geometrical, based on smallest distances in ∆R

• Generator information matching via ∆R

• Using W-mass, maximizing pT(top)

• MVA discriminant, train against combinatorial 
background

• Global kinematic fit

Sebastian Naumann-Emme

e or μ and jets: ~30 %

TOP PAIR PRODUCTIONS

36

Top quark pairs are produced strongly with quark-antiquark 
annihilation or gluon-gluon fusion.
- Final states are categorized by W decay products: 

dilepton/lepton+jets/all-hadronic jets

result, the most likely Higgs mass increases from the experimen-
tally excluded5 value6 of 96 to 117GeV/c2, which is beyond
current experimental sensitivity. The upper limit on the Higgs
mass at the 95% confidence level is raised from 219 to 251GeV/c2.

The discovery of the top quark in 1995 served as one of the major
confirmations of the validity of the standard model (SM)7,8. Of its
many parameters, the mass of the top quark, in particular, reflects
some of the most crucial aspects of the SM. This is because, in
principle, the top quark is point-like and should be massless; yet,
through its interactions with the hypothesized Higgs field, the
physical mass of the top quark appears to be about the mass of a
gold nucleus. Because it is so heavy, the top quark (along with theW
boson) provides an unusually sensitive tool for investigating the
Higgs field. MW is known to a precision of 0.05%, while the
uncertainty on M t is at the 3% level1. Improvements in both
measurements are required to restrict further the allowed range of
mass for the Higgs; however, given the large uncertainty in M t, an
improvement in its precision is particularly important. As has been
pointed out recently9,10, a potential problem for the SM is that, on
the basis of the currently accepted value forM t, themost likely value
of the Higgs mass6 lies in a range that has already been excluded by
experiment5. Precise knowledge of the Higgs mass is crucial for our
understanding of the SM and any possible new physics beyond it.
For example, in a large class of supersymmetric models (theoreti-
cally preferred solutions to the deficiencies of the SM), the Higgs
mass has to be less than about 135GeV/c2. Although, unlike the SM,
supersymmetry predicts more than one Higgs boson, the properties
of the lightest one are expected to be essentially the same as those for
the SM Higgs boson. Thus, if the SM-like Higgs is heavier than
about 135GeV/c2, it would disfavour a large class of supersym-
metric models. In addition, some of the current limits on super-
symmetric particles from LEP11 are extremely sensitive to M t. In
fact, forM t greater than 179GeV/c

2, the bounds on one of themajor
supersymmetry parameters, tanb, which relates the properties of the
SM-like Higgs boson and its heavier partners, would disappear
completely12. Hence, in addition to the impact on searches for the
Higgs boson, other important consequences call for improved
precision on M t, and this goal is the main subject of this paper.

The DØ experiment at the Fermilab Tevatron has studied a
sample of tt̄ events produced in proton–antiproton (pp̄) inter-
actions13. The total energy of 1.8 TeV released in a head-on collision
of a 900-GeV p and a 900-GeV p̄ is almost as large as the rest energy
of ten gold nuclei. Each top (antitop) quark decays almost immedi-
ately into a bottom b(b̄) quark and aWþ (W2) boson, and we have
reexamined those events in which one of theW bosons decays into a
charged lepton (electron or muon) and a neutrino, and the otherW
into a quark and an antiquark (see Fig. 1). These events and their
selection criteria are identical to those used to extract themass of the

top quark in our previous publication, and correspond to an
integrated luminosity of 125 events per pb. (That is, given the
production cross-section of the tt̄ in pp̄ collisions at 1.8 TeV of
5.7 pb, as measured by DØ14, these data correspond to approxi-
mately 700 produced tt̄ pairs, a fraction of which is fully detected in
various possible decay modes. Approximately 30% of these corre-
spond to the lepton þ jets topology categorized in Fig. 2, where ‘jet’
refers to products of the fragmentation of a quark into a collimated
group of particles that are emitted along the quark’s original
direction.) The main background processes correspond to multijet
production (20%), where one of the jets is reconstructed incorrectly
as a lepton, and the W þ jets production with leptonic W decays
(80%), which has the same topology as the tt̄ signal.
The previous DØ measurement of M t in this lepton þ jets

channel is M t ¼ 173.3 ^ 5.6 (stat) ^5.5 (syst) GeV/c2, and is
based on 91 candidate events. Information pertaining to the older
analysis and the DØ detector can be found elsewhere13,15.
The new method ofM t measurement is similar to one suggested

previously (ref. 16 and references therein, and ref. 17) for tt̄ dilepton
decay channels (where bothW bosons decay leptonically), and used
in previous mass analyses of dilepton events3, and akin to an
approach suggested for the measurement of the mass of the W
boson at LEP18–20. The critical differences from previous analyses in
the lepton þ jets decay channel lie in: (1) the assignment of more
weight to events that are well measured ormore likely to correspond
to tt̄ signal, and (2) the handling of the combinations of final-state
objects (lepton, jets and imbalance in transverse momentum, the
latter being a signature for an undetected neutrino) and their
identification with top-quark decay products in an event (such as
from ambiguity in choosing jets that correspond to b or b̄ quarks
from the decays of the t and t̄ quarks). Also, because leading-order
matrix elements were used to calculate the event weights, only
events with exactly four jets are kept in this analysis, resulting in a
candidate sample of 71 events. Although we are left with fewer
events, the new method for extracting M t provides substantial
improvement in both statistical and systematic uncertainties.
We calculate as a function of M t the differential probability that

the measured variables in any event correspond to signal. The
maximum of the product of these individual event probabilities
provides the best estimate of M t in the data sample. The impact of
biases from imperfections in the detector and event-reconstruction
algorithms is taken into account in twoways. Geometric acceptance,
trigger efficiencies, event selection, and so on enter through a
multiplicative acceptance function that is independent of M t.
Because the angular directions of all the objects in the event, as

 

  

Figure 1 Feynman diagrams for tt̄ production in pp̄ collisions, with subsequent decays
into an electron, neutrino, and quarks. Quark–antiquark production (a) is dominant, but
gluon fusion (b) contributes ,10% to the cross-section. This particular final state

(en̄ud̄bb̄) is one of the channels used in the analysis.

Figure 2 Relative importance of various tt̄ decay modes. The ‘lepton þ jets’ channel

used in this analysis corresponds to the two offset slices of the pie-chart and amounts to

30% of all the tt̄ decays.
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1977年：顶夸克是存在的！ 
（从底夸克的实验数据推断出）

              state must exist, 
!
       which is called !
                TOP.

  然⽽而，顶夸克的发现之路却是如此漫长！ 53



mt = (173.1± 1.0) GeV

1995年3月2日

⾼高能物理学家⾼高举  
⾹香槟 

欢庆发现顶夸克  
（美国费曼国家实验室的D0和CDF实验组）
最近实验结果,
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Observation of              mixing 
ARGUS Collaboration 
Received 9 April 1987 

!
Using the ARGUS detector at the DORIS II storage ring we have searched in 
three different ways for              mixing in    (4S) decays. One explicitly mixed 
event, a decay                  , has been completely reconstructed. Furthermore, we 
observe a 4.0 standard deviation signal of 24.8 events with like-sign lepton pairs 
and a 3.0 standard deviation signal of 4.1 events containing one reconstructed   
             and an additional fast          . This leads to the conclusion that             
mixing is substantial. For the mixing parameter we obtain r=0.21±0.08. 

To explain the large mixing parameter, 
 ARGUS had to assume the top mass 

 to be large, mtop > 50 GeV
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Electroweak theory tests: loop level
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Top-quark Production
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Note that the square-root factor is simply the velocity of the final-state particles (in units of c). The quantity

|M|
2
is often expressed in terms of the Mandelstam variables, Lorentz-invariant (scalar) bilinears of the

4-momenta of incoming and outgoing particles. In the case of 2 → 2 scattering, these are

s = (pA + pB)
2 ,

t = (pA − p1)
2 ,

u = (pA − p2)
2 . (11)

They are not independent: it can be easily shown that s+ t+ u = m2
1 +m2

2. The Mandelstam variables are
related to the scattering angle: for example, if m1 = m2 = 0, we simply have

t = −
s

2
(1− cos θ) , u = −

s

2
(1 + cos θ) . (12)

The main advantage of using Mandelstam variables comes in applications of crossing symmetry to relate
processes such as, for example, electron-positron annihilation e+e− → γγ and Compton scattering e−γ →
e−γ. They are also convenient for analyzing hadron collisions, being invariant under boosts connecting the
parton and lab reference frames.

2. Electron-Positron Collisions

In this Lecture, we will study a few examples of reactions initiated by electron-positron collisions, and use
them to illustrate some fundamental concepts and issues central to the field. Since colliding particles are
elementary, e+e− collisions are somewhat easier to analyze than collisions between hadrons, which will be
discussed in Lecture 3.

2.1. Muon Pair-Production

We start with the process e+e− → µ+µ−. At tree level, only two diagrams contribute, see Fig. 1, making
it possibly the simplest 2 → 2 reaction in the SM - the "hello world" example of collider physics. Most
(probably all) TASI students would have calculated the cross section of this reaction in their Quantum Field
Theory (QFT) classes, probably using four-component (Dirac) notation and trace technology to perform spin
sums. An alternative is to use two-component (Weyl) fermions, and to evaluate the scattering amplitudes for
particles in definite helicity eigenstates. This method provides more insight into the physics of the process,
and becomes especially valuable when weak interactions are considered. Let us outline the calculation.

e−

e+

µ−

µ+

γ/Z

Fig. 1. Leading-order (tree-level) Feynman diagrams contributing to the process e+e− → µ+µ−.

2.1.1. Muon Pair-Production in QED

To begin with, let us only consider the diagram with the virtual photon exchange, ignoring the Z. (This
would be a good approximation at low energies,

√
s ≪ MZ .) In two-component notation, electrons and

positrons are described by a pair of two-component (Weyl) spinor fields, eL and eR. The subscript L/R

color	

factor



Color Feynman Rule
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Fig. 3: Colour Feynman rules for QCD

where
(15)

where and for SU(N) (3 for SU(3)) and is the number of flavours. Thus is the
parameter that characterizes the QCD coupling constant.

2.4 Symmetries
We know that the strong interaction world has a very good symmetry property, the isospin symmetry.
Particles in the same isospin multiplet, like the proton and the neutron, or the charge and neutral pions,
have nearly the same mass. Furthermore, the Wigner-Eckart theorem can be used to relate decay and
scattering processes which are connected by isospin transformations. This symmetry properties must be
present in some way in the fundamental QCD Lagrangian, whose fermionic sector given by

(16)

An isospin transformation acts on the quark field as a unitary matrix

(17)
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          Summary
There are so many things I cannot 
cover here. Sorry! 

The shortcut of learning collider 
physics is to practice, to test, to play 
with it.  

For theorists and phenomenologists, 
automation tools make your life easy 
but you should know what you are 
doing. 


