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Overview 
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Figure 2.1: Leading Order W + bb̄ diagrams

is,
�

|M |2 = |Vqq� |2
8GF√

2
M4

W (2.3)

The above equation is summed over all quarks, qq�. The cross section for W produc-

tion is,

σ = 2× 2π
GF√
2
M2

W |Vqq� |2δ(s−M2
W ) (2.4)

Where s is the center of mass energy squared of the two partons, s = (p1 + p2)2.

Importantly, the term δ(s − M2
W ) leads us to the conclusion that incoming quarks

are required to have a center of mass energy equal to the mass of the W. In 2011 at

the LHC protons were collided with an energy of
√
S = 7 TeV, and 8 TeV in 2012.

For a W boson to be created two interacting partons must have suitable momentum

fractions x, y such that (x + y)S = s. At a proton-proton collider the production

cross section is:

σ = 2× 2πGF

3
√
2

�
dxdy

�
Vq,q̄�xySfq(x)fq̄�(y) (2.5)

where fq(x) and fq̄�(y) are parton distribution functions which represent the proba-

bility densities to find a parton carrying a momentum faction x. The branching ratio

of the W to µ ν, as predicted by theory, is approximately 0.11.

As shown in figure 2.1, the W+ bb̄ process at leading order (LO) in perturbative

QCD calculations requires that one of the initial partons radiates a gluon and the

gluon then splits into a bb̄ pair. Next to leading order (NLO) calculations, with more
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Figure 3.3: MSSM Higgs Production diagrams

where MSUSY is the third generation squark mass parameter, µ is the higgsino mass

parameter, mg̃ is the gluino mass, Xt = At − µ/tanβ Ab denotes the higgs-sbottom

coupling and At is the trilinear higgs-stop coupling. The gaugino mass parameter,

M1, is fixed via the GUT relation,

M1 =
5 sin

2 θw
3 cos2 θw

M2 (3.26)

where M2 is the SU(2)-gaugino mass parameter. Results in this thesis are interpreted517

both in the context of the MSSM m
max
h scenario and also in a model independent way,518

in terms of upper limits on σ·BR(A/H/h → ττ) for gluon-fusion and b-associated519

neutral higgs boson production.520

3.4 MSSM Higgs Production521

The two higgs doublet model of the MSSM is responsible for interesting phenomeno-522

logical effects which do not occur in the SM. The dominant production mechanisms523

for the higgs particles are gluon fusion and associated production of b quarks. The524

neutral MSSM Higgs boson production cross section for small and moderate values525

of tanβ is high for gluon fusion (gg → A/H/h) shown in figure (3.3a).526
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Figure 4.1: LHC Experimental and Utility Insertion Layout

LHC can be schematically divided into 8 octants. At the center of each octant is a

straight section and between each of the 8 straight section there are 8 arcs. Each

straight section is 528 m long and can serve as an experimental point, where a beam

crossing occurs, or as a utility insertion point. The LHC is host to five experiments:

ALICE is a dedicated ion experiment, LHCB is designed to study B-physics, TOTEM

detects protons from elastic scattering at small angles, and two detectors designed

to study a wide range of physics processes, CMS and ATLAS. CMS and ATLAS are

both high luminosity experiments; the ATLAS experiment is located at Point 1 and,

on the opposite side of the ring, CMS is located at Point 5. Located at points 3 and

7 are collimation systems for beam cleaning, the beam dump is at point 6 and point

4 houses an RF system for acceleration.

Each of the arcs that stretch between the straight sections are made of 23 arc

cells. Each arc cell is 106.9 m in length and is comprised of two half cells each of

which are 53.45 m long. A schematic of the interior of the arcs showing the dipole

magnets, cryogenic system and overall layout can be see in figure 4.2.
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Standard Model of Particle Physics 

Fermions split into 3 Generations of 
Quarks and Leptons 
àEach fermion has an anti-particle    
    partner with the same mass and  
    opposite charge 
 
Fundamental Forces associated with 
the spin 1 mediator gauge bosons 

 àphotons and gluons  massless 
 àW/Z  heavy ->  gain mass by 
 Spontaneous Symmetry Breaking 

 
Scalar Higgs boson completes the SM 
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Spontaneous Symmetry Breaking 
In SU(2)LxU(1) Symmetry  
    àGauge Bosons massless 
 
Electroweak Symmetry Breaking needed to 
give Gauge Bosons mass 

 àTwo component complex scalar field 
     (4 degrees of freedom) 

       à 3 needed to give mass to W/Z 
       à fourth appears as a physical particle:   

      higgs boson   
 
Fermions can acquire mass through 
interaction with the Higgs field (Yukawa 
coupling) 
àRecent evidence for Hàττ ! 
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for ξ. This is a consequence of the Goldstone theorem which states that whenever a496

symmetry is spontaneously broken, massless scalars occur.

Figure 3.2: V (φ) potential with λ > 0 and µ2 < 0

497

Now that we have evaluated spontaneous breaking of a global gauge symmetry

we can extend the formalism to the local U(1) gauge symmetry. First, we make the

Lagrangian (3.8) invariant under a U(1) local gauge transformation: φ → eiα(x)φ

This is done by choosing a modified derivative, Dµ, which will transform covariantly

under phase transformations, namely, Dµ → eiα(x)Dµψ. Thus ∂µ is replaced by

Dµ = ∂µ − ieAµ. The gauge invariant Lagrangian in this instance is thus,

L = (∂µ + ieAµ)φ ∗ (∂µ − ieAµ)φ− µ2φ ∗ φ− λ(φ ∗ φ)2 − 1

4
FµνF

µν . (3.13)

To avoid off diagonal terms, instead of making the transformation (3.11) we transform

φ as,

φ →
�

1

2
(ν + h(x))eiΘ(x)/ν (3.14)

and for the field Aµ,

Aµ → Aµ +
1

eν
∂µΘ (3.15)

Then by translating this field to a true global minimum and, again, considering the

solution where µ2 < 0 λ > 0 this Lagrangian becomes

L � =
1

2
(∂µh)

2−λν2h2+
1

2
e2ν2A2

µ−λνh3−1

4
λh4+

1

2
e2A2

µh
2+νe2A2

µh−
1

4
FµνF

µν (3.16)
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Chapter 3458

Supersymmetry and the MSSM459

In recent years it has already been seen that the standard model performs well460

in describing experimental observations at energies around the electroweak scale of461

O(246GeV). The recent discovery of a standard model-like higgs boson brings with462

it more confidence of the model. However, questions arise when this model is seen as463

a part of a grand unified theory, for example, what happens when we probe regions464

between the electroweak and planck scales O(1.22× 10
19
GeV)? The standard model465

encounters difficulties in renormalization, this is known as the Hierarchy Problem[89].466

To illustrate these divergences we consider the radiative corrections to the higgs

mass from a fermion loop. The potential of the standard model higgs field can be

written as,

V = µ
2|φ|2 + λ|φ|4 (3.1)

where φ is a complex scalar field. A non-vanishing vacuum expectation value of467

246GeV is required to derive the masses of the W/Z and the mass of the higgs which468

is defined as, mh =

√
2λv2.469

A fermion loop correction, seen in figure 3.1a, adds the term −λfφf̄f to the

Translating the potential to a new 
minimum ,  
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symmetry, which is the mechanism that generates mass for the gauge bosons. We

start by writing the Lagrangian,

L = (∂µφ) ∗ (∂µφ)− µ2φ ∗ φ− λ(φ ∗ φ)2 (3.8)

which describes the complex scalar field, φ = (φ1 + iφ2)/
√
2. This Lagrangian is

invariant under the phase transformation φ → eiαφ (which is equivalent to stating

that (3.8) possesses a U(1) global gauge symmetry). Here, we consider the case where

λ > 0 and µ2 < 0. To illustrate the importance of (3.8) this Lagrangian is rewritten

in the form

L ≡ T − V =
1

2
(∂µφ1)

2
+

1

2
(∂µφ2)

2 − 1

2
µ2
(φ2

1 + φ2
2)−

1

4
λ(φ2

1 + φ2
2)

2. (3.9)

In (3.9) the potential term is

V =
1

2
µ2
(φ2

1 + φ2
2) +

1

4
λ(φ2

1 + φ2
2)

2. (3.10)

Evaluating ∂V/∂φ = 0 it is seen that the local minima of the potential V (φ) is a

circle in the φ1,φ2 plane of radius v where, φ2
1 + φ2

2 = v2 with v2 = −µ2/λ. This is of

great importance as (φ1,φ2) = (0, 0) is not the ground state, as can be seen in figure

3.2. Particle physics uses perturbation theory to calculate fluctuations about the

minimum energy so, without loss of generality, the field φ is translated to a minimum

energy position φ1 = v, φ2 = 0. The Lagrangian (3.9) is expanded about the vacuum

in terms of the fields η, ξ by substituting

φ(x) =

�
1

2
[v + η(x) + iξ(x)] (3.11)

into (3.9) and obtaining,

L �
=

1

2
(∂µξ)

2
+

1

2
(∂µη)

2
+ µ2

+ const.+ ϑ(η3, ξ3, η4, ξ4). (3.12)

The third term of this new Lagrangian (3.12), is a mass term for the η-field, mη =494

�
−2µ2. The ξ-field has a kinetic term, the first term in (3.12), but no mass term495
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spins and the W polarization, the matrix element is,

�
|M |2 = |Vqq� |2

8GF√
2
M4

W (2.3)

The above equation is summed over all quarks, qq�. The cross section for W produc-

tion is,

σ = 2× 2π
GF√
2
M2

W |Vqq� |2δ(s−M2
W ) (2.4)

Where s is the center of mass energy squared of the two partons, s = (p1 + p2)2.

Importantly, the term δ(s − M2
W ) leads us to the conclusion that incoming quarks

are required to have a center of mass energy equal to the mass of the W. In 2011 at

the LHC protons were collided with an energy of
√
S = 7 TeV, and 8 TeV in 2012.

For a W boson to be created two interacting partons must have suitable momentum

fractions x, y such that (x + y)S = s. In lepton-positron colliders, W bosons are

produced in pairs when the center of mass energy reaches a threshold of 161 GeV .

σ = 2× 2πGF

3
√
2

�
dxdy

�
Vq,q̄�xySfq(x)fq̄�(y) (2.5)

The branching ratio of the W to µ ν, as predicted by theory, is approximately 0.11.

Through the higgs mechanism, detailed in the next chapter, the W boson acquires a

mass,

MW =
1

2
vg. (2.6)

As shown in Figure 2.1, the W + bb̄ process at leading order requires that one of427

the initial partons radiates a gluon and the gluon then splits into a bb̄ pair. In particle428
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for ξ. This is a consequence of the Goldstone theorem which states that whenever a496

symmetry is spontaneously broken, massless scalars occur.
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Beyond the SM: Supersymmetry 
SM: A theory of almost everything! 
What happens beyond the Electroweak Scale? 

 mH is sensitive to loop corrections 
 Loop corrections to mH become divergent (ΛUVàinfinity?) 
 àHiggs is ~low mass! So excessive fine tuning is needed 

 
 
 
 

Supersymmetry solves this problem: 
Introduces a new symmetry between fermions and bosons 

 Each SM fermion has a boson Super-partner 
 Each SM boson has a fermion Super-partner 

àDouble the particle spectrum 
àDivergences cancel by construction! 

 Minimal Supersymmetric Extension to the Standard Model  
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(a) (b)

Figure 3.1: One loop quantum corrections for a fermion (3.1b) and a scalar (3.1b).

Lagrangian. This manifests as a correction to the higgs mass, namely,

∆m2
H
= − |λf |2

8π2
Λ2

UV
+ ... (3.2)

Where ΛUV is the ultraviolet cutoff. Then what happens when higher energy scales470

are considered and ΛUV → ∞? Since the standard model is a renormalizable theory471

one could simply pick ΛUV so that it regulates the loop. However, this would imply472

that ΛUV is the energy scale at which new physics should enter. To make matters473

worse, there are quantum corrections from the radiative effects of every particle that474

couples to the higgs. If each of these particles gain their mass through the higgs475

mechanism then the entire standard model mass spectrum is sensitive to ΛUV !476

3.1 Motivations for Supersymmetry477

To solve the Hierarchy Problem suppose there exists a massive scalar particle S, of

mass mS, that couples to the higgs with a term −λSφ2S2 as seen is figure 3.1b. This

massive scalar would give a correction of,

∆m2
H
=

λs

16π2

�
Λ2

UV
− 2m2

s
ln(ΛUV /mS) + ...

�
. (3.3)

By examining (3.2) and (3.3) it is apparent that if each of the quarks and leptons is478

accompanied by a complex scalar with λS = |λf |2 then the Λ2
UV

terms will cancel.479

This model of symmetry between bosons and fermions is known as supersymmetry480

(SUSY).481

15

(a) (b)

Figure 3.1: One loop quantum corrections for a fermion (3.1b) and a scalar (3.1b).

Lagrangian. This manifests as a correction to the higgs mass, namely,

∆m2
H
= − |λf |2

8π2
Λ2

UV
+ ... (3.2)

Where ΛUV is the ultraviolet cutoff. Then what happens when higher energy scales470

are considered and ΛUV → ∞? Since the standard model is a renormalizable theory471

one could simply pick ΛUV so that it regulates the loop. However, this would imply472

that ΛUV is the energy scale at which new physics should enter. To make matters473

worse, there are quantum corrections from the radiative effects of every particle that474

couples to the higgs. If each of these particles gain their mass through the higgs475

mechanism then the entire standard model mass spectrum is sensitive to ΛUV !476

3.1 Motivations for Supersymmetry477

To solve the Hierarchy Problem suppose there exists a massive scalar particle S, of

mass mS, that couples to the higgs with a term −λSφ2S2 as seen is figure 3.1b. This

massive scalar would give a correction of,

∆m2
H
=

λs

16π2

�
Λ2

UV
− 2m2

s
ln(ΛUV /mS) + ...

�
. (3.3)

By examining (3.2) and (3.3) it is apparent that if each of the quarks and leptons is478

accompanied by a complex scalar with λS = |λf |2 then the Λ2
UV

terms will cancel.479

This model of symmetry between bosons and fermions is known as supersymmetry480

(SUSY).481

+
!s
16" 2 !

2
UV

!
! 2f
8" 2 "

2
UV

15

(a) (b)

Figure 3.1: One loop quantum corrections for a fermion (3.1b) and a scalar (3.1b).

Lagrangian. This manifests as a correction to the higgs mass, namely,

∆m2
H
= − |λf |2

8π2
Λ2

UV
+ ... (3.2)

Where ΛUV is the ultraviolet cutoff. Then what happens when higher energy scales470

are considered and ΛUV → ∞? Since the standard model is a renormalizable theory471

one could simply pick ΛUV so that it regulates the loop. However, this would imply472

that ΛUV is the energy scale at which new physics should enter. To make matters473

worse, there are quantum corrections from the radiative effects of every particle that474

couples to the higgs. If each of these particles gain their mass through the higgs475

mechanism then the entire standard model mass spectrum is sensitive to ΛUV !476

3.1 Motivations for Supersymmetry477

To solve the Hierarchy Problem suppose there exists a massive scalar particle S, of

mass mS, that couples to the higgs with a term −λSφ2S2 as seen is figure 3.1b. This

massive scalar would give a correction of,

∆m2
H
=

λs

16π2

�
Λ2

UV
− 2m2

s
ln(ΛUV /mS) + ...

�
. (3.3)

By examining (3.2) and (3.3) it is apparent that if each of the quarks and leptons is478

accompanied by a complex scalar with λS = |λf |2 then the Λ2
UV

terms will cancel.479

This model of symmetry between bosons and fermions is known as supersymmetry480

(SUSY).481



Thesis Defense Isobel Ojalvo 7 

Higgs Sector of MSSM 
H, h, A, H+/- 
 

Production Mechanism @LHC 
 Gluon Fusion 
 b-associated Production 

At Tree Level, 
   Independent Parameters: 

 mW, tan(β), mA 

Mh<MZ 

With Loop Corrections  
 Mh<133 GeV 

 

At large tan(β) A/H/hàττ is enhanced 
 

Due to the large number of free parameters, a complete scan of MSSM 
parameter space is too involved Using mhmax Scenario in this thesis 
àFix parameters and scan in MA, tan(β) 
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This equation describes the interaction between a vector gauge boson, Aµ, and a498

massive scalar, h. It is of importance to note that when examining this equation499

we see that the second term relates the mass of the higgs as mh =

√
2λv2. To500

summarize, this example of spontaneous breaking of a U(1) gauge symmetry results501

in a massless Goldstone boson which has been converted to an additional longitudinal502

polarization degree of freedom. This results in a Lagrangian with a massive scalar503

particle, a massive field and interaction terms. This procedure is known as the Higgs504

mechanism.505

3.3 Higgs Sector of the MSSM506

The most simple supersymmetric extension of the standard model is the MSSM. In

the MSSM there are two higgs doublets with an SU(2)L symmetry,

Φ1 =




φ0∗
1

−φ−
1



 Φ2 =




φ+
2

−φ0
2



 , (3.17)

The Φ1 has a hypercharge of -1 and gives mass to each of the down-type quarks and

charged leptons whereas Φ2 gives masses to the up-type quarks. The extra doublet is

needed to cancel out the corresponding supersymmetric higgs fermion contributions.

H
0
1 and H

0
2 acquire vacuum expectation values v1 and v2 where

v =

√
2(v

2
1 + v

2
2)

1
2 . (3.18)

The ratios of v1 and v2 is written as,

tan(β) =
v2

v1
(3.19)

Consequently the MSSM model has a total of five higgs bosons: two neutral higgs,

h and H, a pseudoscalar, A, and two charged higgs, H
±
. By translating the fields in

21

(a) (b)

Figure 3.3: MSSM Higgs Production diagrams

where MSUSY is the third generation squark mass parameter, µ is the higgsino mass

parameter, mg̃ is the gluino mass, Xt = At − µ/tanβ Ab denotes the higgs-sbottom

coupling and At is the trilinear higgs-stop coupling. The gaugino mass parameter,

M1, is fixed via the GUT relation,

M1 =
5 sin

2 θw
3 cos2 θw

M2 (3.26)

where M2 is the SU(2)-gaugino mass parameter. Results in this thesis are interpreted517

both in the context of the MSSM m
max
h scenario and also in a model independent way,518

in terms of upper limits on σ·BR(A/H/h → ττ) for gluon-fusion and b-associated519

neutral higgs boson production.520

3.4 MSSM Higgs Production521

The two higgs doublet model of the MSSM is responsible for interesting phenomeno-522

logical effects which do not occur in the SM. The dominant production mechanisms523

for the higgs particles are gluon fusion and associated production of b quarks. The524

neutral MSSM Higgs boson production cross section for small and moderate values525

of tanβ is high for gluon fusion (gg → A/H/h) shown in figure (3.3a).526
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neutral MSSM Higgs boson production cross section for small and moderate values525

of tanβ is high for gluon fusion (gg → A/H/h) shown in figure (3.3a).526
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At large values of tanβ the b-associated production is the dominant contribution527

due to the enhanced bottom Yukawa coupling; therefore, associated production of b528

quarks with A/H/h becomes a dominant signature. Production of gg → A/H/h+ bb529

is shown in figure (3.3b). Identification of a b jet in the final state also serves to530

reduce further unwanted backgrounds such as Z → ττ .531

Figure (3.4a) shows cross sections for various MSSM higgs boson production mech-532

anisms at a value of tan β = 5 and figure (3.4b) shows them at tan β = 30. Performing533

an analysis with and without b jet associated production is useful for probing a larger534

region of MSSM phase space. Futhermore, due to recently improved τ identification535

techniques developed at CMS [57] and enhanced couplings to τ and b-quarks the536

search for A/H/h → ττ at the LHC is of particular interest and will continue to be537

an important mode for MSSM discovery into the 2015 run.538
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Figure 3.4: The cross sections for various MSSM higgs bosons and production mech-

anisms at 8 TeV [83]
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At large values of tanβ the b-associated production is the dominant contribution527

due to the enhanced bottom Yukawa coupling; therefore, associated production of b528

quarks with A/H/h becomes a dominant signature. Production of gg → A/H/h+ bb529

is shown in figure (3.3b). Identification of a b jet in the final state also serves to530

reduce further unwanted backgrounds such as Z → ττ .531

Figure (3.4a) shows cross sections for various MSSM higgs boson production mech-532

anisms at a value of tan β = 5 and figure (3.4b) shows them at tan β = 30. Performing533

an analysis with and without b jet associated production is useful for probing a larger534

region of MSSM phase space. Futhermore, due to recently improved τ identification535

techniques developed at CMS [57] and enhanced couplings to τ and b-quarks the536

search for A/H/h → ττ at the LHC is of particular interest and will continue to be537

an important mode for MSSM discovery into the 2015 run.538
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Higgs to ττ	

τ: Most massive Lepton à Presents 
opportunities to search for new physics 
 

Lifetime: 2.9 x 10-13 s 

Mass: 1.776 GeV 
 

Decays via the Weak Interaction 
     To muon/electron + 2 neutrinos (35%) 

  àLabeled τμ and τe 
     To Hadrons+neutrino (65%) 

  àLabeled τh  
 
Experimental solution:  
Identify hadronic/leptonic τ indirectly 

τ υτ 

τ υτ 

υμ 

μ 

π0 

π - u 
d 

u 
u 
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W+bb production 
W Production @LHC 
W Produced through annihilation of an 
up-type quark and anti-down type quark 
 

W coupling is favored within quark 
generations 
 

bb Production  
At leading order from gluon splitting 
 

Double Parton Scattering 
 àNon-negligible Contribution 

11

Figure 2.1: Leading Order W + bb̄ diagrams

spins and the W polarization, the matrix element is,

�
|M |2 = |Vqq� |2

8GF√
2
M4

W (2.3)

The above equation is summed over all quarks, qq�. The cross section for W produc-

tion is,

σ = 2× 2π
GF√
2
M2

W |Vqq� |2δ(s−M2
W ) (2.4)

Where s is the center of mass energy squared of the two partons, s = (p1 + p2)2.

Importantly, the term δ(s − M2
W ) leads us to the conclusion that incoming quarks

are required to have a center of mass energy equal to the mass of the W. In 2011 at

the LHC protons were collided with an energy of
√
S = 7 TeV, and 8 TeV in 2012.

For a W boson to be created two interacting partons must have suitable momentum

fractions x, y such that (x + y)S = s. In lepton-positron colliders, W bosons are

produced in pairs when the center of mass energy reaches a threshold of 161 GeV .

σ = 2× 2πGF

3
√
2

�
dxdy

�
Vq,q̄�xySfq(x)fq̄�(y) (2.5)

The branching ratio of the W to µ ν, as predicted by theory, is approximately 0.11.

Through the higgs mechanism, detailed in the next chapter, the W boson acquires a

mass,

MW =
1

2
vg. (2.6)

As shown in Figure 2.1, the W + bb̄ process at leading order requires that one of427

the initial partons radiates a gluon and the gluon then splits into a bb̄ pair. In particle428

The CKM matrix parameterizes 
quark mixing across generations 
 

q’=Vq 
 

Constructed such that: 
Cabbibo rotated states d’,s’,b’ 
have no mixing across generations 

88

Figure 7.3: Single Parton Scattering and Double Parton Scattering in a W+jj
event [41]

7.2 Monte Carlo Generator Programs

A number of monte carlo (MC) generators are used to simulate physics processes.

The MC method makes use of a random number generator to simulate event to event

fluctuations which are intrinsic quantum processes. The choice of MC generator is

largely dependent on the type of process to be simulated.

MadGraph

MadGraph[42] is a matrix element generator for SM processes at any collider. It

provides a computation of tree-level matrix elements with a fixed number of partons

in the final state. For a user-specified process MadGraph generates the amplitudes

for all relevant subprocesses and produces the mappings for the integration over the

phase space. The final state only events may be passed directly to a shower MC

program.
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Heavy Flavor Quarks/Hadronization 
gluonàqq 
At ~10-15 m the strong interaction causes 
new quarks and anti-quarks to be produced 
 
gluonàbb 
For a  b-Hadron very little energy loss due 
to formation of light quarks 

 àEnergy is carried by the b-Hadron 
 
Mean lifetime of a b-hadron is 1.55 x 10-12 s 

àAllows for the identification of Secondary 
Vertices! (used in W+bb analysis) 
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LHC 
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LHC 
Proton-Proton or Heavy-Ion Collider  
 

27km in circumference, 100m underground 
 

Center of Mass Energy 7 TeV 2011, 8TeV 2012 
 

Four Major Detectors 
Two General Purpose, mainly proton physics  
 CMS, ATLAS 
 

Dedicated Heavy Ion  
ALICE 
 

Forward Detector for b-Physics 
LHCb 
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LHC Overview 
Start with Hydrogen Atoms 

       àfirst remove e- 

    Accelerated in stages 
 àUsing RF Cavities 
 àForms bunches 
 

Reach the LHC Ring with 450 GeV 

Twin-Bore Design (NbTi) 
 àSuper Conducting Magnets 

Cooled to 2K, Magnetic Field up to 8T 
 

àRequires tight control of current 
and heat dissipation     
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LHC: Operating Conditions 
Number of Events for a Given 
Process 
 
σ: Cross Section of Process 
L: Instantaneous Luminosity of the 
collider Units: Particle Flux/time 
 

Optimize Luminosity 
 àHigh Particle Density  
  (per Bunch) 
 àMaximize the number of  
 bunches per beam and  
 Revolution Frequency 
 àMinimize Bunch Size 

Design 2011 2012 2015 
Beam 
Energy 7 TeV 3.5 TeV 4 TeV 6.5 TeV 

Bunches/
Beam 2835 1380 1380 ~2800 

Bunch 
Crossing 25 ns 50 ns 50 ns 25 ns 

Protons/
bunch 1.15x1011 1.5x1011 1.5x1011 

Peak 
Luminosity 1034cm-2s-1 2x1033 

cm-2s-1 
7.7x1033 
cm-2s-1 

2x1034 
cm-2s-1 

Integrated 
Luminosity 6.1 fb-1 23.3 fb-1 

µ =
L! T

RB fB

Mean Number of Interactions/Crossing 
 
 
Instantaneous Luminosity: 
 

N =! L! dt

24

Figure 4.2: Cross section of cryodipole

4.2 Performance Goals and Constraints

The LHC was designed with the purpose of exposing the physics that lies beyond the

standard model. To achieve this, proton collisions must have high energies, to explore

regions of phase space that had remained out of reach at previous particle colliders,

and high intensities, to search for rare processes. Considering a process with an event

cross section of σevent the number of events, N, delivered per second as a function of

machine luminosity, L, is,

N = Lσevent. (4.1)

The machine luminosity itself depends on optimization of the beam parameters,

L =
N2

b nbfrevγr
4π�nβ∗

F (4.2)

Here, Nb is the number of particles per bunch, nb is the number of bunches per beam,

frev is the revolution frequency, γr is the relativistic factor, and F is the geometric

luminosity reduction factor due to the crossing angle at the collision point. The

normalized transverse beam emittance, �n, is a measure of the beams cross sectional
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LHC Total Integrated Luminosity 
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CMS:Compact Muon Solenoid 
34

5.1 Coordinate System

The CMS detector is located on the LHC ring and is the experiment furthest from

the CERN Meyrin site; its position on the LHC ring can be seen in figure 4.3 The

CMS coordinate system is oriented such that the x-axis points to the center of the

LHC ring. The y-axis points vertically upward, perpendicular to the Earth’s surface,

the z-axis is in the direction of the beam to the west. The angle φ is measured

azimuthally starting from the x-axis in the x-y plane, the radial coordinate in this

plane is denoted by r. The polar angle θ extends in the r-z plane and, importantly,

is used in the definition of pseudorapidity, η, as,

η = − ln tan
θ

2
.

The spatial coordinate η is preferred over the coordinate φ for defining the angle of

a particle relative to the beam axis since the particle production in minimum bias

collisions is constant as a function of η. The LHC is a hadron collider, therefore, the

energy in the parton-parton interaction that initiates interesting physics cannot be

known. However, it is known that the momentum in the direction transverse to the z-

axis is 0. Therefore, the interesting observables (energy and momentum) are defined

as transverse to the beam by measuring their x and y components and denoted as

transverse momentum, pT , and transverse energy, ET .
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Solenoid 
Solenoid Magnet provides 
bending power for momentum 
measurement 
 

Sagitta of a particle trajectory, 
 
 
Momentum Resolution, 
 
 
High Strength Magnetic Field to 
provide optimal resolution 

3.8 Tesla 
6.3 m in Diameter, 12.5 m 
Long 

36

required. The windings and support structure of the solenoid are detailed in Figure

5.3. The magnetic field is given by,

B = µ0nI

where µ0 is the magnetic constant, n is the number of turns per unit length and I is

the current. The flux is returned by a 10,000 ton iron yoke which is composed of 11

elements, 6 endcap disks and 5 barrel wheels. The yoke also was designed to contain

four muon stations. Both the solenoid cryostat system and the yoke also serve a dual

purpose as a structural support for the CMS experiment.

Figure 5.3: CMS Solenoid Magnet Layout

4 Layer Winding, Flux Returned 
by 10,000 ton Iron Yoke 

dp
p
=

p
BL2

s = L
2

8r
=
qBL2

8p
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    Identifies Tracks, Measures Charge and Transverse Momentum 
       Silicon Technology (5.4m x 2.4m) 
 
 
 
 
 
 

                  Extends to |η|<2.5 
 

        Tracker Resolution: 
 

    Strong B-fields make the Tracker efficient for a wide range of pT  

Inner Pixel Detector     Outer Strip Detectors 
  Close to interaction point      Further from interaction point 
  High Granularity        Smaller particle flux    
  àReduce occupancy per cell       

2

2 2(15 ( )%) (0.5%)t
t

t

p p TeV
p
δ⎛ ⎞
⎜ ⎟
⎝ ⎠

= +

Tracker 
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Lead Tungstate Crystals (~75,848) 
High Density (8.2 g/cm3) 
Short Radiation Length (8.9 mm)  

Total Crystal Length 230 mmà25.8 X0 

Small Moliere Radius (22 mm) 
2 x 2 cm2 crystal area 
80% of light is emitted from PbWO4 in 25 ns  

 

    Resolution: 
 

                              Here, E is in GeV 

The ECAL measures the Energy of Electrons/Photons out to |η|<3 

!
E
!

"
#

$

%
&
2

=
2.83%

E
!

"
#

$

%
&
2

+
0.124
E

!

"
#

$

%
&
2

+ 0.3%( )2

Electromagnetic Calorimeter 
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Sampling calorimeter  
 Layers of Scintillators and Absorbers 

àCovers 6-8 Interaction Lengths 
Needed for measuring MET and Jets 
Covers |η|<5 
 

Barrel and Endcap Region 
 

Brass and Scintillator 
Barrel: |η|<1.4 Endcap: 1.4<|η|<3 
 

Resolution: 

Forward Hadron Calorimeter  
 

Steel and quartz fiber  
3<|η|<5 
 

Resolution: ( )2
22
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⎠
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Hadronic Calorimeter 
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Designed for Efficient Muon Measurement: 
  Low  PT Muons: the pT is assigned by the Tracker    
  High PT Muons: the Tracker and Muon Chambers  
                             contribute to the pT measurement 
 
 

New Cathode Strip Chambers and RPC’s (Yellow) 

Barrel 
 Drift Tube Chambers  
   |η|<1.3 
 Resistive Plate Chambers  
   |η|<1.3 
 

Endcap 
 Cathode Strip Chambers      
    0.9<|η|<2.4 
 Resistive Plate Chambers  
    |η|<1.6 

Muon System 

Resolution: 6-20% < 100 GeV 
       15-35% > 100 GeV 
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2-Stage Trigger System: 
 

Beams are designed to cross every 25 ns (50 ns) 
 

20 pp interactions per crossing à Pile Up   
.5 Billion particles per second grouped in 40 Million beam crossings per 
second with up to 1 MB data stored/event 

àCMS trigger must reduce this to a recordable rate 

1 GHz 

100 kHz 

300 Hz 

Level 1 Trigger 
    High-speed Custom Hardware     
    Specialized Algorithms 

High Level Trigger 
    Software running on Commercial    
    Processor Farm 
    Algorithms similar to offline Reco 

CMS Trigger System 
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Calorimeter Trigger 
  Regional Calorimeter Trigger (RCT) 

Finds e/γ energy deposits 
And regional energy deposits 
Calculate τ Veto Bit 
Forwards RCT objects to GCT 

  Global Calorimeter Trigger (GCT) 
Sorts RCT Objects 
Calculates Missing ET  
Performs Jet Clustering 

Muon Trigger 
  Regional Triggers 

CSC, DT find tracks 
  Global Muon Trigger 

Sorts Muons 
Global Trigger 

Makes Acceptance Decision  
Passes to HLT 

Muon Trigger 
HF HCAL ECAL RPC CSC DT 

Pattern 
Comparator 

 Trigger 

Regional 
Calorimeter 

Trigger 

4 µ	


e, J, ET, HT, MET
 

Calorimeter Trigger 

max. 100 kHz      L1 Accept  

Global Trigger 

Global Muon Trigger 

Global 
Calorimeter 

Trigger 

Local   
DT Trigger 

Local  
CSC Trigger 

DT Track 
Finder 

CSC Track 
Finder 

40
 M

H
z 

pi
pe

lin
e,

  l
at

en
cy

 <
 3

.2
 µ

s 
 

Muon Trigger 

Level 1 Trigger 
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RCT: Overview of My Work 
Calibration of RCT (electrons/photons)   
àUsed during the 2012 Run 
 

Monitoring and Debugging for  
2011/2012 p-p and 2013 Heavy Ion Run 
àMaintenance on RCT Receiver Cards 
 
Level 1 Upgrade Development  
(L1 Electrons, Photons, Taus, Jets) 
àEstimate Rate and Efficiency 
    of objects for future higher  
    Luminosity Runs 
àDesign new algorithms! Comparing 2012 Data 

and RCT Emulator 

e/γ Calibration	
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Processes events selected by Level 1 

Algorithms Similar to Offline 
Reconstruction 

 Written in C++ run on commercial  
    processor farm 
Optimized for Speed 

 Simple Algorithms run first 
 After passing Simple Selections,  
 Complex Algorithms are run 

Tag Events for Analysis 
Event Rate Reduces to ~100Hz 

High Level Trigger 
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Particle Reconstruction 
and 

Simulation 
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Electron ID 
Requires a track matched to an ECAL deposit 
 

Electromagnetic deposit formed as a  
Super Cluster in ECAL 

 SCà Cluster of Clusters, Grows in ϕ 
 àAccounts for electron-material       
     interactions 

SCs must have low hadronic activity  
 HCAL Energy/ECAL Energy<0.05 

 

àMVA used to improve Identification 
   Uses ‘training events’ for which the output is  
   known to determine a mapping function for that  
   describes a classification or a regression 
 

Also reject Converted Photons 
 [GeV]

T
e p

50 100 150
T

dN
/d

e 
p

1000

2000

3000

4000

5000

6000

7000 Observed
τ τ →Z

Electroweak
QCD
tt

 ee→Z
bkg. uncertainty

hτeτ = 8 TeV      s, -1CMS Preliminary 2012, 19.3 fb

Electron pT 
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Muon ID 
Three types of muon Reconstruction 
Standalone Muon 

 Track Reconstructed in Muon  
 System 

Tracker Muon 
 Constructed in Tracker with at least  
 one hit in muon system 

Global Muon 
 Tracker Muon Matched to tracks in  
 Muon System 

 
Muon Requirements for Analysis: 
Global Muon, Good fit to extrapolated 
muon trajectory, Minimum number of 
“Hits” in muon chambers 
 

Standalone  
Muon Track 

Inner Detector 
Track 

μ pT 

μ η	
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Hadronic Tau Reconstruction 

The τh mass distribution is used to  
control the tau energy-scale  
within 3% 

τ→a1	
τ→ρ	
τ→π+	


τh identification: efficiency ~ 60%  
                           fake rate ~ 1% 

Tau reconstruction: hadron+strip 
Particle-flow based algorithm to 
reconstruct different hadronic tau 
decay modes 
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Isolation 
Leptons from QCD processes are inside jets 
Electron/muon Isolation 
    Uses Particle Candidates in a cone of 0.4 
    Relative Isolation:  
 
 
    Including Pile-Up Corrections 

 àNeutral/Charged Particle Total Energy≈0.5 
 àSubtract Estimate of Neutral Energy  
    deposit in Jet Cone using Charged Energy 

 
 
Tau Isolation àAbsolute Isolation   

!Particlescone<0.4
PTLepton

69

the uncertainties on the position of the matched segment and the position of the

extrapolated track.

6.4 Electron and Muon Isolation

To discriminate signal muons and electrons from leptons which are created in QCD

interactions an isolation requirement is essential. As pileup of interactions in the

detector increases, the performance of standard combined relative isolation, which

sums the energy deposited by all PF candidates in a cone of ∆R = 0.4 around the

central lepton and divides the sum by the pT of the candidate, degrades. Charged PF

particles are associated with a vertex using the deterministic annealing algorithm;

non charged PF particles are not associated with any vertex by the vertex algorithm,

instead, they are associated with vertices by using their closest distance in the z

axis after they are extrapolated to the beam line. Using this separation algorithm,

charged particles can be properly associated with a given primary vertex and used

to calculate isolation. However, this algorithm does not properly account for neutral

particles produced in pile-up interactions. Therefore, a specific correction, known as

a ∆β correction, is used to account for the neutral energy from other interactions. A

charged particle’s transverse momentum sum is created by summing over the charged

particles inside the isolation cone of the lepton while requiring that those charged

particles do not originate from the primary vertex. The charged particle sum is

converted into an expected neutral deposit by assuming that the average charged to

neutral particle ratio is 2:1. A relative combined isolation variable is then defined as:

Irel =

�
pT(charged) + max (

�
ET (neutral) +

�
ET (photon)−∆β, 0)

pT(µ or e)
(6.3)

where pT (charged) corresponds of the pT of all charged particle candidates, pT (photon)

and pT (neutral) correspond to the transverse energy of the photon and neutral hadron

72

respect to the τhad primary vertex. Charged hadrons and photons used to build the

τhad candidate are excluded from the isolation pT sum. The contribution of pileup to

the τhad isolation is accounted for by applying ∆β corrections:

Iτhad =
�

P charged
T (∆z < 2 mm) + max (P γ

T −∆β, 0) .

The ∆β corrections are computed by summing the transverse momenta of charged

particles that have a longitudinal impact parameters ∆z > 2 mm with respect to

the τhad production vertex and are within a cone of size ∆R = 0.8 around the τhad.

The sum is scaled by a factor 0.4576, which is chosen to make the τhad identification

pileup insensitive:

∆β = 0.4576 ·
�

P charged
T (∆z > 2 mm).

6.6 SVFit Algorithm

The tau pair mass, Mττ , is reconstructed in a likelihood based algorithm, SVFit[22].

The kinematics of tau lepton decays is underdetermined by experimental measure-

ments. 5 parameters are needed to specify hadronic tau decays in this model: momen-

tum, polar and azimuthal angles of the tau lepton in the laboratory (CMS detector)

frame, plus two decay angles in the rest–frame of the tau lepton.

These parameters are chosen to be:

• x, the fraction of tau lepton energy (in the laboratory frame) carried by visible

decay products.

• φ, the azimuthal angle of the tau lepton in the laboratory frame.

• mνν , the mass of the neutrino system.
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2 Jets
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Jet ID and MET 
Jet clustering  

 Performed using particle candidates 
 
Energy Corrections Applied 

 L1 FastJet –Remove energy from PU 
 L2 Relative –Equalize Jet Response in   
 the Detector 
 L3 Absolute –Equalize jet response with  
 different PT 

 

Residual Corrections Applied to data  
to account for further differences with 
simulation 
 
 

80

threshold. The secondary vertex studied in this thesis is that which has the greatest

significance of flight distance.

6.10 Missing Transverse Energy, Recoil

Corrections and MVA Emiss
T

Missing transverse energy is defined using PF candidates as,

Emiss
T = −

�

i

pT (6.9)

where i runs over all reconstructed PF candidates. To improve the Emiss
T resolution

in events with jets and neutrinos in the decay products which are expected to have a

high Emiss
T , such as W+ bb̄, recoil corrections are applied to the Emiss

T .

To improve the Emiss
T resolution a correction to the recoil of the generated bosons

is applied. Momentum conservation in the transverse plane requires,

Emiss
T + qT + uT = 0 (6.10)

where qT is the vector boson transverse momentum which is measured in Z → µµ

data and matched to simulation in W → µν. Finally, uT is the transverse momentum

of the hadronic recoil.

uT ≡
�

j

pj,T , (6.11)

where the index j runs over all particles initiating at the interaction point excluding

the vector boson.

Multivariate Analysis (MVA) Emiss
T is used in the search for a MSSM h → ττ .

MVA Emiss
T aims at improving further the Emiss

T and makes use of a series of mul-

tivariate regressions based on a boosted decision tree (BDT) [35]. A decision tree

requires as input both a signal and background monte carlo sample. These samples

Met is summed using,     
 

and corrected for recoil mismodelling using Zàµµ events 

77

Figure 6.4: Comparison of Jet Clustering Algorithms [25]

particle is able to split collinearly and that splitting does not influence the shape

of stable jet cone [27]. The development and subsequent choice of the anti-kT jet

clustering algorithm was stimulated by questions of sensitivity to non-perturbative

effects like hadronization and underlying event contamination. Previously used jet

clustering algorithms such as the kT [28] and Cambridge/Aachen [29] jet clustering

algorithms were IRC safe, however, they had the property that soft radiation could

provoke irregularities in the boundaries of final jets. Algorithms such as SIScone

[30] that were soft-resilient were not IRC safe. To perform jet clustering in the anti-

kT , kT and Cambridge/Aachen jet algorithm a distance dij is introduced between

PF particles i and j and diB between the particle entity and the beam (B). The

clustering proceeds by identifying the smallest distances between candidate particles

in the cluster. If the minimum distance is dij the entities i and j are combined. When

the minimum distance is diB then i is considered a jet and all its entities in the jet

are removed from the list of PF particles. The procedure is repeated until no entities
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b-Jet ID 
b-hadrons have a long life time + high mass 

 àCan be identified via secondary 
vertices, displaced tracks and soft leptons 
 

Jet Variables are combined in a Multivariate 
Likelihood to produce a single discriminator 
 

Secondary Vertices are found in Jets by fitting 
tracks associated to the Jet  
 

Efficiency of 50% with reduction of light jets 
by a factor of ~100 
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Simulation 
Precise Simulation 

 Essential for experiment design  
 + validation 
 Performed using Monte Carlo 
 Method 

 
Simulation Steps 

 Physics Event Generator 
 Simulation of Passage of Particles 
 through matter 
 Hardware Emulation 
  

Detector Simulation performed using 
GEANT 
àFinal Output identical to Data 
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Monte Carlo Generators 
MCFM 

 Gives NLO predictions for wide range of Events, Uses Final State 
 Parton Jets, Not Adequate for DPS Simulation 

MADGRAPH 
 Matrix Element Calculator for SM processes at any collider, 
 Includes MPI simulation 

PYTHIA 
 Good simulation of hadronization, uses Lund String Model 

POWHEG 
 Alternate method for hadronization modelingà Generates 
 hardest radiation and uses a shower generator for subsequent 
 softer radiation 

Tauloa 
 Used to simulation tau-leptons including polarizations 
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Evidence for Higgs to tt 



Thesis Defense Isobel Ojalvo 37 

W+bb Cross Section Measurement 
Goal:  
Measure Wàmunu + 2 b-Jet  
cross section at 7TeV 
 
 
 

Motivations: 
Background to W+hàbb, hàττ + b 

 +many other physics searches 
 

Previous Studies: 
Independent studies have shown tensions 
in W+1b vs. W+2b 

W+1b:   Poor Agreement   

ATLAS study performed 
in completely separate 
phase-space 

Secondary 
Vertex Mass 

D0 Inside 
Jet 
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W+bb: W+1b 

Secondary 
Vertex Mass 

D0 Inside Jet 
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W+bb: Selection of Muon + Jets 
Muon Selection: 

 Muon + Tau Trigger 
 Muon PT>25 GeV 
 Muon |Eta|<2.1 
 Isolation Required  

 

Jet Selection: 
 2 Jets PT>25 GeV 
 Eta<2.4 

 

MT>45 GeV 
 ~eliminates QCD 
 MT<45 GeV used as a control region 

Veto Events with Extra Leptons, Jets 
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vertex of the event and have an isolation (Irel) less than 0.12. Figure 8.2 shows the

muon transverse momentum, pseudorapidity and Isolation (Irel) is shown in figure

8.5 (left).

These identified, isolated muons are then combined with the missing transverse

energy �Emiss
T of the event to form a leptonic W candidate. The missing transverse

energy �Emiss
T is defined as the negative vector sum of the transverse momenta of all

reconstructed particles in the event, with Emiss
T = | �Emiss

T |, and is corrected using the

procedure described in Ref. [65]. The reconstructed transverse mass of the system is

built from the transverse momentum of the isolated muon and the missing transverse

energy of the event,

MT =
�

2pT
�Emiss

T (1− cos∆φ) ,

where ∆φ is the difference in azimuth between �Emiss
T and �P µ

T . In W → �ν decays the

MT distribution presents a Jacobian peak with an edge at the W mass. Therefore it

is a natural topological discriminator against non-W final states which yield a lepton

candidate and missing transverse energy, such as QCD multijet processes, in which
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Figure 8.2: Muon pT and η are shown above.
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b-Jet Selection 
Start with two jets that exhibit qualities of b-Jets  

 Minimum number of Tracks,  
    Secondary Vertex 

 

Makes use of Multivariate Analysis 
   àUses ‘training events’ for which the output is   
    known to determine a mapping function for that  
    describes a classification or a regression 
 

CSV Multi-Variate Algorithm 
    àUses Jet Variables to create a 
     discriminator separating b-Jets from light 
    àRequiring a Secondary Vertex 
 

Data/MC corrections applied àMeasured in QCD 
and top events 

medium tight 

tempName
Entries  19
Mean    2.501
RMS     1.413
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Wàjj 

tt 
Largest Irreducible background 
àSingle Muon + 2 b-Jets + W 
Wàjj used for simultaneous fit 
 
Single Top 
Second Largest Background 
à1 b-Jet + 1 Forward Jet 
 
Z+Jets 
Very Small Contribution 
Control Region To Test Analysis 
Strategy 
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Yields/Systematic Uncertainties 

Included in Final fit for Signal Extraction 

98

Process Wbb W+l W+c W+ cc̄ Z+jets tt̄ Single-t VV QCD Total Total
MC Data

W+2jets 39333.1 378197.2 23502.8 284441.3 94169.7 74082.9 15880.3 10195.0 42276.7 962079.0 928445.0
MT > 45 GeV 30381.9 291990.5 18282.5 221570.1 35144.1 54095.4 11909.0 7780.7 8393.9 672138.2 642674.0
JetVeto η < 2.4 21605.7 237049.8 14498.1 175253.2 26490.8 9027.4 6599.4 5744.0 6520.0 498028.4 478315.0
JetVeto η < 4.5 17152.9 196618.2 11853.4 142711.5 21440.5 5390.2 4356.3 4727.3 5298 405888.5 408705.0
Lepton Veto 17125.9 196213.9 11836.3 142517.5 18994.8 4707.9 4155.8 4446.5 5284.3 401973.7 402742.0

2 CSV Tight Tags 356.5 47.3 1.7 56.3 34.5 620.6 168.0 19.9 36.3 1249.3 1387.0
>=1 SV 332.3 1.5 1.3 21.0 30.9 595.5 160.3 18.9 33.1 1194 1230.0
in each jet ±0.2 ±0.3 ±4.3 ±2.9 ±32.8 ±7.8 ±0.8 ±2.7 ±78.0 ±35.0

2 CSV Med Tags 697.4 227.2 30.6 340.8 83.4 1039.6 327.4 42.3 63.5 2822.0 3065.0
>= 1 SV 557.5 18.9 12.7 156.5 54.8 893.8 273.9 33.1 18.9 2020.2 2227.0
in each jet ±1.9 ±1.3 ±31.2 ±5.4 ±53.6 ±14.5 ±1.8 ±5.6 ±153.3 ±47.2

Table 8.1: Evolution of event selection

is rejected if there is a second muon, without any requirements on the isolation

and pT, which builds with the isolated muon a dimuon system with invariant mass

mµµ > 60GeV . The tt̄ background is reduced by requiring that there are no additional

isolated electrons or muons with pT > 20GeV in the event and no jets with pT >

25GeV and 2.4 < |η| < 4.5. To reduce the contribution from QCD multijet events

MT > 45GeV is also required. An evolution of the yields in monte carlo and data

due to selection is shown in table (8.1).

After all the selection requirements the significant background contributions are:

tt̄, single top, W+jets (u,d,c,s,g), Z+jets (u,d,c,s,b,g) and QCD multijet. Final con-

tributions of these backgrounds in the signal region are computed via a simultaneous

fit. This fit is described in section 8 and provides the final estimate for the signal and

background yields. The initial yields are taken either from data, in estimates based

on the control regions, or from simulation, normalized to the NNLO predictions. The

shapes and normalizations of the background distributions are validated in data with

a set of control regions, as described in the next sections.
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Signal Yield Extraction 
Combined fit between Signal Region and largest background  
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Cross Section Measurement 

Hadronization correction (from bHadronsà final state partonJets) for 
comparison with MCFM CbàB= 0.92 +-0.02 
 

DPS contribution:  
 
Final Cross Section Measurement: 
σ = σMCFM x CbàB+σDPS 
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Alternate Approach

To show the robustness of the W+ bb̄ fit result a separate study was performed

with two selected b-tagged jets that require each jet to fulfill a looser CSV b-tagging

criterion, corresponding to an efficiency of 70% for jets containing b-flavored hadrons,

while the misidentification probability for light-quark jets is 1%. With the exception

of the modification to the CSV threshold, all other selections for the signal and

control region remain unchanged. The W+ cc̄ contribution is non-negligible with

this selection, therefore, the sum of the invariant mass of the secondary vertex found

in each selected jet is used to distinguish between W+ bb̄ and W+ cc̄. The scalar

sum of the transverse momenta of the muon, the �Emiss
T and the jets, HT, is used

to distinguish W+jets from top contributions. The W+ bb̄ signal is extracted via

a two dimensional fit of HT versus the sum of the the secondary vertex masses of

the highest- (J1) and second-highest-pT (J2) jets. An equivalent tt̄ control region to

the one described in the tighter selection, based on the reconstruction of the W mass

using two light jets, is also used in this case. The variables J1 SV mass + J2 SV mass

and HT are shown in Fig. 8.11, with yields normalized to the results of the fit. The

cross section value computed with this alternative method is found to be consistent

with the primary fit results quoted above.

Final Cross Section Measurement

The W+ bb̄ cross section within the reference fiducial phase space is obtained using

the expression

σ(pp → W+ bb̄)× B(W → µν) =
NS�
Ldt �sel

,

where the efficiency of the selection requirements, �sel = (11.2 ± 1.0)%, is computed

using the MADGRAPH+ PYTHIA MC sample. The uncertainty in this selection efficiency

Signal Events 
Post-fit to data 

Integrated 
Luminosity 

Acceptance  
x  
Efficiency of 
Selection  

Branching 
Fraction 

W+bb  
Cross Section 
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MSTW2008 NNLO PDF set and setting the factorization and renormalization scales

to µF = µR = mW + 2mb. The 0.03 pb uncertainty in the theoretical cross section

is estimated by varying the scales µF, µR simultaneously up and down by a factor

of two. This uncertainty also takes into account the PDF uncertainties following

the PDF4LHC recommendation. This uncertainty in the theoretical cross section

may be underestimated because of the requirement of exactly two jets in the final

state. Therefore, a more conservative estimate of this uncertainty in the theoretical

prediction is computed, following the procedure described in Ref. [71], and the total

theoretical uncertainty is found to be 30%.

Two corrections are needed to link the theoretical prediction to the measurement,

a hadronization correction and a DPS correction. At the parton level, the events

are required to have a muon of pT > 25GeV and |η| < 2.1 and exactly two parton

jets of pT > 25GeV and |η| < 2.4, each containing a b quark. The hadronization

correction factor Cb→B = 0.92±0.01, calculated using a five-flavor MADGRAPH+ PYTHIA

reference MC, is used to extrapolate the cross section computed at the level of parton

jets to the level of final-state particle jets. The uncertainty assigned to this correction

is obtained by comparing the corresponding factors computed with a four-flavored

MADGRAPH MC simulation. The simulated MADGRAPH + PYTHIA events include DPS

production of bb̄ pairs and they reproduce these processes adequately as measured by

CMS [72]. The contribution of DPS events to the cross section at the parton-jet level

is estimated to be σDPS = (σW × σbb̄)/σeff = 0.08± 0.05pb. The value of the effective

cross section, σeff, is taken from Ref. [73], and is assumed to be independent of the

process and interaction scale. The uncertainty in σDPS takes into account both the

uncertainty in the measurement of σeff and the uncertainty in the fiducial bb̄ cross

section. The theoretical cross section at hadron level can be extrapolated from the

MCFM parton-jet prediction by applying the hadronization correction and adding the
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Figure 8.12: (left) The∆R between the two selected b jets (right) theMT distribution,
normalized to the results of the fit.

DPS contribution, resulting in 0.55 ± 0.03(MCFM) ± 0.01(had) ± 0.05(DPS)pb. This

value is in agreement with the measured value.

Additional W+ bb̄ Kinematic Distributions

In addition to this measurement of the cross section, we have explored the kinematics

of the W+ bb̄ system. The angular distance between two selected b jets, ∆R(J1, J2)

and the MT distribution are compared to Monte Carlo predictions in Fig. 8.12. The

shapes are taken from simulation and are normalized to the fit results. Figure 8.13

shows the invariant mass of the two selected b jets system and its pT. The observed

distributions are well described by the simulation.
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Evidence for Higgs to tt 
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Search for MSSM higgs bosons 

Analyzed in the mhmax Scenario 
 àVary mA and tan(β) 

 
Improve Sensitivity by selecting final states 

 No b-tag     b-tag 
 
 
 
 
àAgain, using CSV Algorithm 
 

Summary of Previous Results 
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the MSSM Higgs search at LEP [79]. Figure 9.1 shows a summary of these results

with exclusion at 95% CL in the tanβ −MA.

Figure 9.1: A comparison of exclusion at 95% CL in the tanβ −MA

Traditionally, searches for MSSM Higgs bosons are expressed in terms of bench-

mark scenarios where the lowest-order parameters tanβ and MA are varied, while

fixing the other parameters that enter through radiative corrections to certain bench-

mark values, this is further detailed in section 3.3. For one loop corrections the

dominant contribution is the O(αt) term due to top and stop loops. Where αt is

defined as αt ≡ h2
t/(4π) and ht is the top-quark Yukawa coupling. While for two

loop corrections the dominant contributions are the strong corrections and Yukawa

corrections of O(α2
t ) to the one loop O(αt) term[11]. In this study, the scenario mmax

h

scenario [11, 12] is used as it yields conservative expected limits in the tanβ and MA

plane. In this scenario, the parameters are set to the following values: MSUSY =

1TeV; Xt =2MSUSY; µ = 200 GeV; Mg̃ = 800 GeV; M2 = 200 GeV; and Ab = At,

21

(a) (b)

Figure 3.3: MSSM Higgs Production diagrams

where MSUSY is the third generation squark mass parameter, µ is the higgsino mass

parameter, mg̃ is the gluino mass, Xt = At − µ/tanβ Ab denotes the higgs-sbottom

coupling and At is the trilinear higgs-stop coupling. The gaugino mass parameter,

M1, is fixed via the GUT relation,

M1 =
5 sin

2 θw
3 cos2 θw

M2 (3.26)

where M2 is the SU(2)-gaugino mass parameter. Results in this thesis are interpreted517

both in the context of the MSSM m
max
h scenario and also in a model independent way,518

in terms of upper limits on σ·BR(A/H/h → ττ) for gluon-fusion and b-associated519

neutral higgs boson production.520

3.4 MSSM Higgs Production521

The two higgs doublet model of the MSSM is responsible for interesting phenomeno-522

logical effects which do not occur in the SM. The dominant production mechanisms523

for the higgs particles are gluon fusion and associated production of b quarks. The524

neutral MSSM Higgs boson production cross section for small and moderate values525

of tanβ is high for gluon fusion (gg → A/H/h) shown in figure (3.3a).526
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3.4 MSSM Higgs Production521

The two higgs doublet model of the MSSM is responsible for interesting phenomeno-522

logical effects which do not occur in the SM. The dominant production mechanisms523

for the higgs particles are gluon fusion and associated production of b quarks. The524

neutral MSSM Higgs boson production cross section for small and moderate values525

of tanβ is high for gluon fusion (gg → A/H/h) shown in figure (3.3a).526

Search with 4.9 fb-1 of data at 7TeV and 19.3 fb-1 at 8 TeV 
Final States: Semi-leptonic Tau + Hadronic Tau, τeτh τμτh	


àNote X-Axis Scale 
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Background Estimation 

QCD: 
•  Normalization from ratio of  
     same-sign(SS) to  
     opposite-sign (OS) data events 
•  Shape from SS data events 

W+jets: 
•  Normalization from  
     high mT control region 
•  Shape from MC Z→ττ: 

embedded samples 
No MET/JES scale 
uncertainties 
Shape estimation 
and correction for 
selection 
efficiencies 

Z→ee/µµ 
•  Normalization scale  
   factor from tag-and-probe     
   in data 
•  Shape from MC 

ttbar: 
•  Normalization from b-

tag control region 
•  Shape from MC 

All normalizations 
are data-driven 
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W+Jets/QCD Backgrounds 

W+Jets  
 Normalization taken from high MT 
 sideband (MT>70 GeV), 
 Extrapolation from high MT to low 
 MT from Monte Carlo Shape 

 
QCD 

 Data Driven shape and Normalization 
 Shape from Same Sign region 
Measure SS/OS ratio in Anti-Isolated 
Region 
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Zàττ embedding 

Take Zàµµ events from data 
 Reconstruct Event 
 Remove muon objects 
 Replace with simulated taus 

 
MET, Jets, b-tagging from data! 

 àSignificant reduction in   
    uncertainty for this background 

 
Normalization taken from Zàµµ 
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Selection τμτh Selection: 
 Muon + Tau Trigger 
 Muon PT>20 (18) GeV for 2012(2011) 
 Muon |Eta|<2.1, Isolated 
 Tau PT>20 GeV, eta<2.3, Isolated 

 

τeτh Selection: 
 Electron + Tau Trigger 
 Muon PT>24 (20) GeV for 2012(2011) 
 Muon |Eta|<2.1, Isolated 
 Tau PT>20 GeV, eta<2.3, Isolated 

Jet Selection: 
 1 Jet PT>25 GeV 
 Eta<2.4 

 

MT<30 GeV 
 Reduces W+Jets  

Veto Events with Extra Leptons 
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di-τ Mass Reconstruction 

Visible mass SV fit Reconstructed mass 

improved 
Z & Higgs 	

separation 

Di-tau mass estimation uses visible decay products & missing ET  
in a maximum likelihood fit 
The mass resolution is ~ 10-20% depending on channel/category 
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Categories 

b-Tag 

No b-Tag 
0 b-Tagged Jets in the Event 
Gluon Fusion Production 

No b-Tag 

b-Tag 
At Least 1 b-Tagged Jets in the Event 
No other Jets with PT>30 GeV 
b-Associated Production 
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τe+τh 

7 TeV 
 
 
 
 
 

 
8 TeV 
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τμ+τh 
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Final Fit 

Most Relevant Nuisance Parameters: 
Tau Energy Scale +/- 3% 
b-tagging efficiency and fake rate 
 
Highest Yield Backgrounds fit to a 
falling exponential distribution to 
preserve integrity in low MC yield 
regions 
 
Final Limit on 95% Upper CLs are set 
Using modified Frequentist Approach 

Falling  
Exponential Fit to 
MC Backgrounds 
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Results: Mhmax 

No Significant Excess is Observed in the search for MSSM higgs bosons 
 

Excluding tan(β)>7 at low MA 

 
Insignificant Excess at 
MA=200 GeV 
 
Closing the wedge at high 
MA, Low tan(β) 
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Results: Model Independent 

Limits on σ(ggàϕ)xBR(ϕàττ) and σ(ggàbbϕ)xBR(ϕàττ) 
 

No Significant Excess is Observed in the search for MSSM higgs bosons 
 

136

Model independent limits on σ·BR(Φ → ττ) for gluon-fusion and b-associated

Higgs production as a function of the Higgs mass have been determined. The results

for 8 TeVcenter-of-mass energy are shown in Fig. 9.19. In this case, a single resonance

search (for a resonance of mass mΦ) is performed. The results are also shown in

Tables 9.4 and 9.5.
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Figure 9.19: 95% CL upper limit on σ·BR(Φ → ττ) for gluon-fusion (left) and

b-associated (right) production at 8 TeVcenter-of-mass energy as a function of MΦ.

Expected limits are computed for two cases: for the assumption that there is no Higgs

→ ττ signal (neither MSSM nor SM) present in the data (red line) and assuming that

there is no MSSM, but a SM Higgs of mass 125–126 GeV present (blue line).
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Conclusions 
A cross section of W+bb was measured in the full 7TeV dataset 

 This measurement was performed in a unique phase-space with a 
 simultaneous fit between a Signal Region and ttbar Background  
 Region  
 Measurement Consistent with the Standard Model 
 Only measurement of its type at the LHC 

 

A search for MSSM higgs bosons in the ττ final state were presented 
 No significant deviation from background only hypothesis was  

      observed 
 àMost Stringent Limits on the MSSM model in regions of  
    tan(β)-MA plane 

 

More data in 2015+ will continue the search for physics beyond the 
standard model 
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Back Up 
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2015 LHC Parameter Scenarios 
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b-Jet selection 
Start with two jets that exhibit qualities of b-Jets (CSV Medium working point) 
CSV Algorithm is  

The CSV b-tagging algorithm combines the following variables into a single discriminating variable using a Likelihood 
ratio technique: secondary vertex mass, multiplicity of charged particles associated to the secondary vertex, 
the flight significance associated to the secondary vertex, the energy of charged particles associated to the 
SV divided by the energy of all charged particles associated to the jet, the rapidities of charged particle tracks 
associated to the secondary vertex, and the track impact parameter significance exceeding the charm 
threshold. 

If a jet does not have an SV then CSV algorithm computes “pseudo Vertex” and “No-Vertex” values 
•  In this Analysis the Final Selection Requires a Vertex!  
 

medium tight medium tight 
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Jet Variables 

0 1 2 3 4 5 6 7

0

5000

10000

15000

20000

25000

J1SV # of Vertices
0 1 2 3 4 5 6 7

Ev
en

ts

1

10

210

310

410

510

610

710
Data

+bbνµ→W
Wcc

+cνµ→W
+jjνµ→W

tt
tt / 

QCD
Z+jets/VV

= 7 TeVsCMS Preliminary

-1 L dt = 5 fb∫

2 Jets

0.50.6
0.70.80.9

11.11.2
1.31.41.5

Tagged 

2 4 6 8 10 12

0

10

20

30

40

50

J1nTracksSSV
2 4 6 8 10 12

Ev
en
ts

0

100

200

300

400

500

600

700 Data
+bbνµ→W

Wcc
+cνµ→W
+jjνµ→W

tt
tt / 

QCD
Z+jets/VV

= 7 TeVsCMS Preliminary

-1 L dt = 5 fb∫

2 CSVM BTag

0.50.6
0.70.80.9

11.11.2
1.31.41.5

0 5 10 15 20 25 30 35 40 45 50
0

5

10

15

20

25

J1 SV Flight Sig
0 5 10 15 20 25 30 35 40 45 50

Ev
en

ts

0

50

100

150

200

250

300 Data
+bbνµ→W

Wcc
+cνµ→W
+jjνµ→W

tt
tt / 

QCD
Z+jets/VV

= 7 TeVsCMS Preliminary

-1 L dt = 5 fb∫

2 CSVM BTag

0.50.6
0.70.80.9

11.11.2
1.31.41.5

0 10 20 30 40 50 60 70

0

5

10

15

20

25

30

J13dcharm
0 10 20 30 40 50 60 70

Ev
en
ts

0

50

100

150

200

250

300

350

400
Data

+bbνµ→W
Wcc

+cνµ→W
+jjνµ→W

tt
tt / 

QCD
Z+jets/VV

= 7 TeVsCMS Preliminary

-1 L dt = 5 fb∫

2 CSVM BTag

0.50.6
0.70.80.9

11.11.2
1.31.41.5

10 20 30 40 50 60 70 80 90

0

5

10

15

20

25

 [GeV]
T

J1SV p
10 20 30 40 50 60 70 80 90

Ev
en

ts

0

50

100

150

200

250

300

350

400
Data

+bbνµ→W
Wcc

+cνµ→W
+jjνµ→W

tt
tt / 

QCD
Z+jets/VV

= 7 TeVsCMS Preliminary

-1 L dt = 5 fb∫

2 CSVM BTag

0.50.6
0.70.80.9

11.11.2
1.31.41.5

Starred Variables are 
used in CSVM 
Likelihood  
b-Discriminator 

0 1 2 3 4 5 6 7 8

0

2

4

6

8

10

12

#DR Secondary Vertices
0 1 2 3 4 5 6 7 8

Ev
en

ts

0

20

40

60

80

100

120

140

160

180
Data

+bbνµ→W
Wcc

+cνµ→W
+jjνµ→W

tt
tt / 

QCD
Z+jets/VV

= 7 TeVsCMS Preliminary

-1 L dt = 5 fb∫

2 CSVM BTag

0.50.6
0.70.80.9

11.11.2
1.31.41.5

Non-tagged 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5

10

15

20

25

30

35

40

J1SVpt/highestJetPt
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en
ts

0

100

200

300

400

500

600
Data

+bbνµ→W
Wcc

+cνµ→W
+jjνµ→W

tt
tt / 

QCD
Z+jets/VV

= 7 TeVsCMS Preliminary

-1 L dt = 5 fb∫

2 CSVM BTag

0.50.6
0.70.80.9

11.11.2
1.31.41.5



Thesis Defense Isobel Ojalvo 63 

Higgsàbb 
Two tight tags:       Expected 2.15 WHàbb Events 
Two Medium tags:  Expected 3.20 WHàbb Events 
Two Loose tags:     Expected 4.14 WHàbb Events 
(from Monte Carlo) 
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Et
miss 

For Wbb analysis MET variable is 
created by: 
 
 
 
MC is corrected for recoil using: 
 
 
Where, qT is the sum of non- Boson 
decay products 
uT is the recoil which is corrected using 
Zàµµ events 
 
MVA ET

miss: Uses MVA Regression to 
correct recoil for pile up 
 

80

threshold. The secondary vertex studied in this thesis is that which has the greatest

significance of flight distance.

6.10 Missing Transverse Energy, Recoil

Corrections and MVA Emiss
T

Missing transverse energy is defined using PF candidates as,

Emiss
T = −

�

i

pT (6.9)

where i runs over all reconstructed PF candidates. To improve the Emiss
T resolution

in events with jets and neutrinos in the decay products which are expected to have a

high Emiss
T , such as W+ bb̄, recoil corrections are applied to the Emiss

T .

To improve the Emiss
T resolution a correction to the recoil of the generated bosons

is applied. Momentum conservation in the transverse plane requires,

Emiss
T + qT + uT = 0 (6.10)

where qT is the vector boson transverse momentum which is measured in Z → µµ

data and matched to simulation in W → µν. Finally, uT is the transverse momentum

of the hadronic recoil.

uT ≡
�

j

pj,T , (6.11)

where the index j runs over all particles initiating at the interaction point excluding

the vector boson.

Multivariate Analysis (MVA) Emiss
T is used in the search for a MSSM h → ττ .

MVA Emiss
T aims at improving further the Emiss

T and makes use of a series of mul-

tivariate regressions based on a boosted decision tree (BDT) [35]. A decision tree

requires as input both a signal and background monte carlo sample. These samples
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Z+Jets Estimate/Test of Analysis Strategy 
Requirements 
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Single Top Estimation 

1 b-tagged jet |eta|<2.4,1 non-tagged jet |eta|>2.8, 1 Isolated Muon 
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mhmax Scenario 
If the new boson discovered is interpreted as the lightest in the MSSM model 
then regions of tan(β) excluded 
 
 
 

19

In order to make reliable phenomenological predictions, loop corrections must be

included which depend on the particle masses and free parameters of the SUSY model.

Due to the large number of free parameters, searches for MSSM Higgs bosons are

expressed in terms of benchmark scenarios where the lowest-order parameters tanβ

and MA are varied, while fixing the other parameters that enter through radiative

corrections to benchmark values. The m
max
h scenario [11, 12] yields expected limits

in the tanβ and MA plane. The following parameters are fixed in the m
max
h scenario:

MSUSY = 1TeV, µ = −200GeV,

mg̃ = 0.8MSUSY ,MA ≤ 1000GeV,

Xt = 2MSUSY , Ab = At

where MSUSY is the third generation squark mass parameter, µ is the higgsino mass

parameter, mg̃ is the gluino mass, Xt = At − µ/tanβ Ab denotes the higgs-sbottom

coupling and At is the trilinear higgs-stop coupling. The gaugino mass parameter,

M1, is fixed via the GUT relation,

M1 =
5 sin

2 θw
3 cos2 θw

M2 (3.19)

where M2 is the SU(2)-gaugino mass parameter. Results in this thesis are interpreted

both in the context of the MSSM m
max
h scenario and also in a model independent way,

in terms of upper limits on σ·BR(A/H/h → ττ) for gluon-fusion and b-associated

neutral higgs boson production.

3.4 MSSM Higgs Production

The two higgs doublet model of the MSSM is responsible for interesting phenomeno-

logical effects which do not occur in the SM. The dominant production mechanisms

for the higgs particles are gluon fusion and associated production of b quarks. The

18

needed to cancel out the corresponding supersymmetric higgs fermion contributions.

H
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v =

√
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The ratios of v1 and v2 is written as,

tan(β) =
v2

v1
(3.12)

Consequently the MSSM model has a total of five higgs bosons: two neutral higgs,

h and H, a pseudoscalar, A, and two charged higgs, H
±
. By translating the fields in

(3.10) to their minima and diagonalizing the matrix the following higgs boson states

are obtained,
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In the MSSM at tree level the number of independent parameters can be reduced

to 3: mW , tan β and the mass of the pseudoscalar, mA. The neutral boson masses

are,
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While the masses of the two charged bosons are,

m
2
H± = m

2
A
+M

2
W
. (3.18)
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ττ Systematic Uncertainties 
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mhmax Scenario 
Due to the large number of free parameters a complete scan of 
MSSM parameter space is too involved 
àFix parameters and scan in MA, tan(β) 
 
 
 
 
 
 
Higgs masses: 
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The ratios of v1 and v2 is written as,
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Consequently the MSSM model has a total of five higgs bosons: two neutral higgs,

h and H, a pseudoscalar, A, and two charged higgs, H
±
. By translating the fields in

(3.10) to their minima and diagonalizing the matrix the following higgs boson states
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