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Where is the Higgs boson?
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Large Hadron Collider

proton→← proton
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pp → H at 14 TeV
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pp → H at 14 TeV
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Overview

Cross sections: Importance of higher orders

Distributions and Cuts

Backgrounds

Supersymmetry
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Higgs search
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Higgs search
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Higgs physics

Some extensions of the Standard 

Model involve a richer set of Higgs 

bosons: in the Minimal 

Supersymmetric SM there are five 

new bosons (h
0
, H

0
, A

0
, H

+
, H

-
). 

Their discovery involves the use of 

more complicated signatures, such 

as the identification of a jet as 

coming from b quarks

Observability of the 
SM Higgs in CMS with 
10

 5
 pb

-1
.  The CMS 

detector can probe the 
entire mass range up 
to MH ~ 1 TeV with a 
signal significance 
well above 5σ

4.  For the highest MH, in the range 0.5 - 1 TeV, 
the promising channels for 105 pb-1 are 
H0 → ZZ → �

+
�
–

νν,  H0 → ZZ → �+�
–

 jj and H0 → 
W+W

–
 → �±νjj.  

Detection relies on leptons, jets and missing 
transverse energy (Et

miss), for which the hadronic 
calorimeter( HCAL ) performance is very important

2-3.  In the MH range 130 - 700 GeV the most promising channel is 
H0 → ZZ*→ 2�+2�

– or H0 → ZZ → 2�+2�
–. The detection relies on the 

excellent performance from the muon chambers, the tracker and the 
electromagnetic calorimeter.  
For  MH ≤ 170 GeV a mass resolution of ~1 GeV should be achieved 
with the 4 Tesla magnetic field and the high resolution of the crystal 
calorimeter
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1.  H0 → γγ  is the most promising channel if MH 
is in the range 80 – 140 GeV.  The high 
performance PbWO4 crystal electromagnetic 
calorimeter in CMS has been optimized for this 
search.  The γγ  mass resolution at  Mγγ ~ 100 
GeV is better than 1%, resulting in a S/B of ≈1/20. 
With larger data samples (≥ 105 pb-1) the 
"associated" modes (pp → WH0 and pp → ttH0) 
should give higher S/B ratios for the same H0 
decay channel
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CENTRAL CUTS (Iη < 2.4):

Pl> 50 GeV/c Pz> 150 GeV/c

TAGGING JETS(IηI > 2.4):

1 cluster, No addit. jets with Pt > 40 GeV

I M
cl

 - M
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I < 15 GeVI M
ll
 - M
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tt

I

2 jets with E > 400 GeV and P
t
 > 10GeV/c

The Standard Model (SM) of Particle Physics has unified the Electromagne-
tic interaction (carrier: γ) and the weak interaction (carriers: W+, W–, Z0). Yet 
these four bosons are very different: the γ is massless whereas the W± and Z0 

are quite massive (80 – 90 GeV).  In the framework of the SM particles 
acquire mass through their interaction with the Higgs field. This implies the 
existence of a new particle: the Higgs boson H0. The theory does not predict 
the mass of the H0, but it does predict its production rate and decay modes 
for each possible mass. CMS has been optimized to discover the Higgs in 
the full expected mass range 0.08 TeV < MH < 1 TeV~ ~

The decay signature of the Higgs depends on its mass: 
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421 H(800 GeV) →e+e- jet jet→ZZZZ*H(130 GeV) → e+e- e+e-→ 3 H(150 GeV) → µ+µ- µ+µ-→ZZ*H(100 GeV) →  γ γ
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Gluon fusion
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Expansion & Inversion
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Algorithms

Expansion + Inversion [R.H., Kilgore ’02], [R.H., P. Kant ’05]
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Algorithms

Expansion + Inversion [R.H., Kilgore ’02], [R.H., P. Kant ’05]

Cutting Technique [Anastasiou, Melnikov ’02]

H δ(p2
− m2) →

1

2πi

»

1

p2
− m2

− iε
−

1

p2
− m2 + iε

–

→ use multi-loop techniques for phase space integrals!
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Algorithms

Expansion + Inversion [R.H., Kilgore ’02], [R.H., P. Kant ’05]

Cutting Technique [Anastasiou, Melnikov ’02]

H δ(p2
− m2) →

1

2πi

»

1

p2
− m2

− iε
−

1

p2
− m2 + iε

–

→ use multi-loop techniques for phase space integrals!

distributions: δ
(

f(p)
)

NLO rapidity:
[Anastasiou, Dixon, Melnikov ’02]
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Gluon fusion
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Resummation

[Catani, de Florian,
Grazzini, Nason ’03]
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Importance of higher orders

essential for quantitative predictions
→ scale dependence

another example: tt̄H
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Importance of higher orders

essential for quantitative predictions
→ scale dependence

another example: tt̄H
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Cross sections
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Distributions and Cuts

so far, fully inclusive cross sections:
∫

dσ(H + anything)

Robert Harlander — Higgs at LHC – p. 29



Distributions and Cuts

so far, fully inclusive cross sections:
∫

dσ(H + anything)

reduce background, e.g.
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Distributions and Cuts

so far, fully inclusive cross sections:
∫

dσ(H + anything)

reduce background, e.g.

there are no 4π detectors!
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K(pT , y) ≈ Ktot?

MH = 120 GeV from [de Florian, Grazzini, Kunszt ’99]

FIG. 2. (a) pT and (b) y dependence of the K-factor and the ratio R of the NLO cross sections

for different sets of parton densities (see eqs. (1) and (2)) .

from the kinematics might be interpreted as an evidence for some universal origin of the
large radiative corrections [17]. This requires further theoretical understanding.

We have not included in our analysis the contributions from electroweak reactions, which
can increase the cross section about 10% when suitable cuts are applied [7]. Nevertheless it
is worth noticing that since QCD corrections to electroweak boson fusion are substantially
smaller than the ones corresponding to gluon fusion, the significance of the electroweak
contributions is reduced at NLO.

In Fig. 3 we show NLO cross section values for the physics signal p + p → H + jet →
γ + γ + jet as a function of the Higgs mass (with a reference value for the branching ratio
given by Br(H → γγ) = 2.18 · 10−3 for mH = 120 GeV [18]). For comparison, the cross
section values of the physics signal p + p → H → γ + γ are also shown. From there it
is possible to see that the loss in production rate due to the transverse momentum cut of
pT > 30 GeV is less than a factor of 2 for the range of masses considered.

In conclusion, we have pointed out that, much as in the case of inclusive Higgs produc-
tion, the cross section values of the associated production of a Higgs boson with a jet are
increased by a K-factor of 1.5–1.6 given by NLO QCD radiative corrections. Our result
confirms previous suggestions that the production channel p + p → H + jet → γ + γ + jet
gives a measurable signal for Higgs production at the LHC in the mass range 100–140 GeV,
crucial also for the ultimate test of the Minimal Supersymmetric Standard Model.

We are grateful to M. Spira for discussions. One of us (DdeF) would like to thank
S. Frixione for helpful comments.

5

see also [Glosser, Schmidt ’02]
[Ravindran, Smith, v.Neerven ’02]
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Higher orders with Cuts

Consider Z → 2 jets: inclusive

LO:

NLO: +

∫

cone

A

ε
+ B −

A

ε
+ Ccut = B + Ccut

dipole subtraction [Catani, Seymour ’??]

phase space slicing [???]
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Higher orders with Cuts

Consider Z → 2 jets: exclusive

LO:

NLO: +

∫

cone

A

ε
+ B −

A

ε
+ Ccut = B + Ccut

dipole subtraction [Catani, Seymour ’??]

phase space slicing [???]
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Exclusive at NNLO

+

∫

cone

+

∫

cone

+

∫ ∫

cones

+ · · ·

Very active field:
[Anastasiou, Melnikov, Petriello], [Gehrmann, G.-de Ridder, Glover],

[Grazzini, Frixione], [Kilgore], [Kosower], [Somogyi, Trocsanyi, Del Duca], [Weinzierl]
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NNLO with cuts
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NNLO with cuts

t
t

t

H ⊗

W

W

γ

γ

H

mh σcut
NNLO/σinc

NNLO K
(2)
cut/K

(2)
inc

110 0.590 0.981
115 0.597 0.968
120 0.603 0.953
125 0.627 0.970
130 0.656 1.00
135 0.652 0.98

[Anastasiou, Melnikov, Petriello ’05]
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Backgrounds
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Higgs physics

Some extensions of the Standard 

Model involve a richer set of Higgs 

bosons: in the Minimal 

Supersymmetric SM there are five 

new bosons (h
0
, H

0
, A

0
, H

+
, H

-
). 

Their discovery involves the use of 

more complicated signatures, such 

as the identification of a jet as 

coming from b quarks

Observability of the 
SM Higgs in CMS with 
10

 5
 pb

-1
.  The CMS 

detector can probe the 
entire mass range up 
to MH ~ 1 TeV with a 
signal significance 
well above 5σ

4.  For the highest MH, in the range 0.5 - 1 TeV, 
the promising channels for 105 pb-1 are 
H0 → ZZ → �

+
�
–

νν,  H0 → ZZ → �+�
–

 jj and H0 → 
W+W

–
 → �±νjj.  

Detection relies on leptons, jets and missing 
transverse energy (Et

miss), for which the hadronic 
calorimeter( HCAL ) performance is very important

2-3.  In the MH range 130 - 700 GeV the most promising channel is 
H0 → ZZ*→ 2�+2�

– or H0 → ZZ → 2�+2�
–. The detection relies on the 

excellent performance from the muon chambers, the tracker and the 
electromagnetic calorimeter.  
For  MH ≤ 170 GeV a mass resolution of ~1 GeV should be achieved 
with the 4 Tesla magnetic field and the high resolution of the crystal 
calorimeter
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1.  H0 → γγ  is the most promising channel if MH 
is in the range 80 – 140 GeV.  The high 
performance PbWO4 crystal electromagnetic 
calorimeter in CMS has been optimized for this 
search.  The γγ  mass resolution at  Mγγ ~ 100 
GeV is better than 1%, resulting in a S/B of ≈1/20. 
With larger data samples (≥ 105 pb-1) the 
"associated" modes (pp → WH0 and pp → ttH0) 
should give higher S/B ratios for the same H0 
decay channel
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The Standard Model (SM) of Particle Physics has unified the Electromagne-
tic interaction (carrier: γ) and the weak interaction (carriers: W+, W–, Z0). Yet 
these four bosons are very different: the γ is massless whereas the W± and Z0 

are quite massive (80 – 90 GeV).  In the framework of the SM particles 
acquire mass through their interaction with the Higgs field. This implies the 
existence of a new particle: the Higgs boson H0. The theory does not predict 
the mass of the H0, but it does predict its production rate and decay modes 
for each possible mass. CMS has been optimized to discover the Higgs in 
the full expected mass range 0.08 TeV < MH < 1 TeV~ ~

The decay signature of the Higgs depends on its mass: 
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Higgs physics

Some extensions of the Standard 

Model involve a richer set of Higgs 

bosons: in the Minimal 

Supersymmetric SM there are five 

new bosons (h
0
, H

0
, A

0
, H

+
, H

-
). 

Their discovery involves the use of 

more complicated signatures, such 

as the identification of a jet as 

coming from b quarks

Observability of the 
SM Higgs in CMS with 
10

 5
 pb

-1
.  The CMS 

detector can probe the 
entire mass range up 
to MH ~ 1 TeV with a 
signal significance 
well above 5σ

4.  For the highest MH, in the range 0.5 - 1 TeV, 
the promising channels for 105 pb-1 are 
H0 → ZZ → �

+
�
–

νν,  H0 → ZZ → �+�
–

 jj and H0 → 
W+W

–
 → �±νjj.  

Detection relies on leptons, jets and missing 
transverse energy (Et

miss), for which the hadronic 
calorimeter( HCAL ) performance is very important

2-3.  In the MH range 130 - 700 GeV the most promising channel is 
H0 → ZZ*→ 2�+2�

– or H0 → ZZ → 2�+2�
–. The detection relies on the 

excellent performance from the muon chambers, the tracker and the 
electromagnetic calorimeter.  
For  MH ≤ 170 GeV a mass resolution of ~1 GeV should be achieved 
with the 4 Tesla magnetic field and the high resolution of the crystal 
calorimeter

10060

5

10

15

20

25

200 400 700

MH (GeV)

S
ig

n
if
ic

a
n

c
e

Standard Model Higgs

γγ

γγ + ≥ 2 jets

S= 
NS

NB 

S= 
NS

NB 

S= 
NS

NS + NB 

   H  →  ZZ, ZZ* →  4  ±  

 H →  WW →       

γγ

ν ν

 H →  ZZ →       ν ν

40

35

30

N
e

ν
/1

0
0

 f
b

–
1
/ 5

 G
e

V

70

60

50

40

30

20

10

0
0 50

104.05

100 150 200 250

SM

M (bb), GeV

h → bb in mSUGRA

1.  H0 → γγ  is the most promising channel if MH 
is in the range 80 – 140 GeV.  The high 
performance PbWO4 crystal electromagnetic 
calorimeter in CMS has been optimized for this 
search.  The γγ  mass resolution at  Mγγ ~ 100 
GeV is better than 1%, resulting in a S/B of ≈1/20. 
With larger data samples (≥ 105 pb-1) the 
"associated" modes (pp → WH0 and pp → ttH0) 
should give higher S/B ratios for the same H0 
decay channel
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Signal

Bkgd

CENTRAL CUTS (Iη < 2.4):

Pl> 50 GeV/c Pz> 150 GeV/c

TAGGING JETS(IηI > 2.4):

1 cluster, No addit. jets with Pt > 40 GeV

I M
cl

 - M
Z 

I < 15 GeVI M
ll
 - M

Z 
I < 10 GeV

tt

I

2 jets with E > 400 GeV and P
t
 > 10GeV/c

The Standard Model (SM) of Particle Physics has unified the Electromagne-
tic interaction (carrier: γ) and the weak interaction (carriers: W+, W–, Z0). Yet 
these four bosons are very different: the γ is massless whereas the W± and Z0 

are quite massive (80 – 90 GeV).  In the framework of the SM particles 
acquire mass through their interaction with the Higgs field. This implies the 
existence of a new particle: the Higgs boson H0. The theory does not predict 
the mass of the H0, but it does predict its production rate and decay modes 
for each possible mass. CMS has been optimized to discover the Higgs in 
the full expected mass range 0.08 TeV < MH < 1 TeV~ ~

The decay signature of the Higgs depends on its mass: 
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Higgs physics

Some extensions of the Standard 

Model involve a richer set of Higgs 

bosons: in the Minimal 

Supersymmetric SM there are five 

new bosons (h
0
, H

0
, A

0
, H

+
, H

-
). 

Their discovery involves the use of 

more complicated signatures, such 

as the identification of a jet as 

coming from b quarks

Observability of the 
SM Higgs in CMS with 
10

 5
 pb

-1
.  The CMS 

detector can probe the 
entire mass range up 
to MH ~ 1 TeV with a 
signal significance 
well above 5σ

4.  For the highest MH, in the range 0.5 - 1 TeV, 
the promising channels for 105 pb-1 are 
H0 → ZZ → �

+
�
–

νν,  H0 → ZZ → �+�
–

 jj and H0 → 
W+W

–
 → �±νjj.  

Detection relies on leptons, jets and missing 
transverse energy (Et

miss), for which the hadronic 
calorimeter( HCAL ) performance is very important

2-3.  In the MH range 130 - 700 GeV the most promising channel is 
H0 → ZZ*→ 2�+2�

– or H0 → ZZ → 2�+2�
–. The detection relies on the 

excellent performance from the muon chambers, the tracker and the 
electromagnetic calorimeter.  
For  MH ≤ 170 GeV a mass resolution of ~1 GeV should be achieved 
with the 4 Tesla magnetic field and the high resolution of the crystal 
calorimeter
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1.  H0 → γγ  is the most promising channel if MH 
is in the range 80 – 140 GeV.  The high 
performance PbWO4 crystal electromagnetic 
calorimeter in CMS has been optimized for this 
search.  The γγ  mass resolution at  Mγγ ~ 100 
GeV is better than 1%, resulting in a S/B of ≈1/20. 
With larger data samples (≥ 105 pb-1) the 
"associated" modes (pp → WH0 and pp → ttH0) 
should give higher S/B ratios for the same H0 
decay channel
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Signal

Bkgd

CENTRAL CUTS (Iη < 2.4):

Pl> 50 GeV/c Pz> 150 GeV/c

TAGGING JETS(IηI > 2.4):

1 cluster, No addit. jets with Pt > 40 GeV

I M
cl

 - M
Z 

I < 15 GeVI M
ll
 - M

Z 
I < 10 GeV

tt

I

2 jets with E > 400 GeV and P
t
 > 10GeV/c

The Standard Model (SM) of Particle Physics has unified the Electromagne-
tic interaction (carrier: γ) and the weak interaction (carriers: W+, W–, Z0). Yet 
these four bosons are very different: the γ is massless whereas the W± and Z0 

are quite massive (80 – 90 GeV).  In the framework of the SM particles 
acquire mass through their interaction with the Higgs field. This implies the 
existence of a new particle: the Higgs boson H0. The theory does not predict 
the mass of the H0, but it does predict its production rate and decay modes 
for each possible mass. CMS has been optimized to discover the Higgs in 
the full expected mass range 0.08 TeV < MH < 1 TeV~ ~

The decay signature of the Higgs depends on its mass: 
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Higgs physics

Some extensions of the Standard 

Model involve a richer set of Higgs 

bosons: in the Minimal 

Supersymmetric SM there are five 

new bosons (h
0
, H

0
, A

0
, H

+
, H

-
). 

Their discovery involves the use of 

more complicated signatures, such 

as the identification of a jet as 

coming from b quarks

Observability of the 
SM Higgs in CMS with 
10

 5
 pb

-1
.  The CMS 

detector can probe the 
entire mass range up 
to MH ~ 1 TeV with a 
signal significance 
well above 5σ

4.  For the highest MH, in the range 0.5 - 1 TeV, 
the promising channels for 105 pb-1 are 
H0 → ZZ → �

+
�
–

νν,  H0 → ZZ → �+�
–

 jj and H0 → 
W+W

–
 → �±νjj.  

Detection relies on leptons, jets and missing 
transverse energy (Et

miss), for which the hadronic 
calorimeter( HCAL ) performance is very important

2-3.  In the MH range 130 - 700 GeV the most promising channel is 
H0 → ZZ*→ 2�+2�

– or H0 → ZZ → 2�+2�
–. The detection relies on the 

excellent performance from the muon chambers, the tracker and the 
electromagnetic calorimeter.  
For  MH ≤ 170 GeV a mass resolution of ~1 GeV should be achieved 
with the 4 Tesla magnetic field and the high resolution of the crystal 
calorimeter
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1.  H0 → γγ  is the most promising channel if MH 
is in the range 80 – 140 GeV.  The high 
performance PbWO4 crystal electromagnetic 
calorimeter in CMS has been optimized for this 
search.  The γγ  mass resolution at  Mγγ ~ 100 
GeV is better than 1%, resulting in a S/B of ≈1/20. 
With larger data samples (≥ 105 pb-1) the 
"associated" modes (pp → WH0 and pp → ttH0) 
should give higher S/B ratios for the same H0 
decay channel
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Signal
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CENTRAL CUTS (Iη < 2.4):

Pl> 50 GeV/c Pz> 150 GeV/c

TAGGING JETS(IηI > 2.4):

1 cluster, No addit. jets with Pt > 40 GeV

I M
cl

 - M
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I < 15 GeVI M
ll
 - M

Z 
I < 10 GeV

tt

I

2 jets with E > 400 GeV and P
t
 > 10GeV/c

The Standard Model (SM) of Particle Physics has unified the Electromagne-
tic interaction (carrier: γ) and the weak interaction (carriers: W+, W–, Z0). Yet 
these four bosons are very different: the γ is massless whereas the W± and Z0 

are quite massive (80 – 90 GeV).  In the framework of the SM particles 
acquire mass through their interaction with the Higgs field. This implies the 
existence of a new particle: the Higgs boson H0. The theory does not predict 
the mass of the H0, but it does predict its production rate and decay modes 
for each possible mass. CMS has been optimized to discover the Higgs in 
the full expected mass range 0.08 TeV < MH < 1 TeV~ ~

The decay signature of the Higgs depends on its mass: 
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421 H(800 GeV) →e+e- jet jet→ZZZZ*H(130 GeV) → e+e- e+e-→ 3 H(150 GeV) → µ+µ- µ+µ-→ZZ*H(100 GeV) →  γ γ

vs.
γ

γ

+

γ

γ

[Binoth, Guillet, Pilon, Werlen ’00]
γ

γ

[Bern, Dixon, Schmidt ’02]
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Backgrounds
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vs.

no mass peak

angular correlations needed

NLO: [Ohnemus ’94], [Dixon, Kunszt, Signer ’98]
[Campbell, Ellis ’99]
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vs.

no mass peak

angular correlations needed

NLO: [Ohnemus ’94], [Dixon, Kunszt, Signer ’98]
[Campbell, Ellis ’99]

up to 30% of NLO qq̄

[Binoth, Cicciolini, Kauer, Krämer ’05]
[Dührssen, Jakobs, Marquard, v.d. Bij ’05]
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Backgrounds

H

q

q

V
q

V

q

vs. H

[Del Duca, Kilgore, Oleari, Schmidt, Zeppenfeld ’01]
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Backgrounds

NLO wishlist. . . An experimenter’s wishlist: NLO cross sections

Single boson Di-boson Tri-boson Heavy flavor

W +≤ 5 j WW +≤ 5 j WWW +≤ 3 j tt̄ +≤ 3 j

W + bb̄ +≤ 3 j WW + bb̄ +≤ 3 j WWW + bb̄ +≤ 3 j tt̄ + γ +≤ 2 j

W + cc̄ +≤ 3 j WW + cc̄ +≤ 3 j WWW + γγ +≤ 3 j tt̄ + W +≤ 2 j

Z +≤ 5 j ZZ +≤ 5 j Zγγ +≤ 3 j tt̄ + Z +≤ 2 j

Z + bb̄ +≤ 3 j ZZ + bb̄ +≤ 3 j WZZ +≤ 3 j tt̄ + H +≤ 2 j

Z + cc̄ +≤ 3 j ZZ + cc̄ +≤ 3 j ZZZ +≤ 3 j tb̄ +≤ 2 j

γ +≤ 5 j γγ +≤ 5 j bb̄ +≤ 3 j

γ + bb̄ +≤ 3 j γγ + bb̄ +≤ 3 j

γ + cc̄ +≤ 3 j γγ + cc̄ +≤ 3 j

WZ +≤ 5 j

WZ + bb̄ +≤ 3 j

WZ + cc̄ +≤ 3 j

Wγ +≤ 3 j

Zγ +≤ 3 j [Run II Monte Carlo Workshop, April 2001]

many implemented in MCFM [J.Campbell, K.Ellis]
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Effects of Supersymmetry

H ↔ h0, H0, A, H+, H−

t
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H +
~t

~

t~ H
t
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Example: “gluophobic Higgs”

[Djouadi ’98], [Carena et al. ’99]

t
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H +
~t

~

t~ H
t

may interfere destructively!

[R.H., Steinhauser ’04]
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Pseudo-scalar Higgs

[Djouadi ’98], [Carena et al. ’99]
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Effects of Supersymmetry
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bb̄ → H

t
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collinear logarithms: ∼ αs ln(mb/MH) ∼ αs ln(5/200)

resummation: bottom quarks as partons
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bb̄ → h vs. gg → bb̄h
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[plot by M. Krämer]
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[plot by M. Krämer]

µF = MH/4?

[Boos, Plehn ’04] [Maltoni, Sullivan, Willenbrock ’03]
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bb̄ → H at NNLO

[R.H., Kilgore ’03]
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bb̄ → H at NNLO

[R.H., Kilgore ’03]
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bb̄ → H at NNLO

[R.H., Kilgore ’03]
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test: bb̄→ Z at Tevatron [Maltoni, McElmurry, Willenbrock ’05]
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Conclusions

Higgs physics very inspiring for theoretical developments
→ phase space integrations, higher order Monte Carlos, . . .

new conceptual understandings
→ bottom densities, higher order SUSY, . . .

higher orders essential
σ(gg → H) ≈ σLO(1 + 0.7 + 0.3 + · · · ) ≈ 2σLO

exciting times ahead of us
→ (N)NLO era at hadron colliders has begun!

→ Higgs physics with data!
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Backup
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Example: Virtual gg → H at NLO

[R.H., P. Kant ’05]

PSfrag replacements
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τ =
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4m2
q
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H 1
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H 0
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Im

O (τn),

n = 10, 30, 90

portable, easy-to-handle analytical result
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