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(not the same units as those of the US national debt) 
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What does one get for 9 billion dollars?
•

colliding beams of protons with 
7 TeV of (center of mass) energy

•

•

•

•

•

a particle accelerator with 4 detectors all placed in 
a 27 km circular tunnel, 175m deep

30000 tons of 8.4 Tesla magnets, and 
90 tons of liquid helium to keep 
them at 1.9 Kelvin

detectors that can handle collision rates 
of 109 Hz  (25 collisions every 25 ns)

(cost as of mid 2010, soon after collisions began)

work from 10000 scientists and engineers from ~60 countries

computer resources to handle read out of 
100 million channels, writing interesting 
events to tape ~300 times/s, plus analysis 
of 15 Petabytes (15x1015 bytes) each year

(US share 0.5 billion, majority from Europe)

Louis Poncet IT/GD

Data flow to Tier 1 sites
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! John Hauptman: Particle Physics Experiments

at High Energy Colliders — Chap. hauptmanc01 — 2010/10/11 — page 5 — le-tex !
!

!
!

!
!

1.2 Collider Intensity 5

101 102 103 104
1028

1030

1032

1034

1036

1038

ISR

Tevatron

LHC

SppS

ADONE

DORIS

SPEAR

CESR

PEP

BEPC

PETRA

TRISTAN

SLC

LEP

LEPII

PEPII/KEKB

HERA

Center-of-Mass Energy (GeV)

Lu
m

in
os

ity
(c

m
2 s

1 )

Hadron Collider Future Hadron Collider

e+ e Collider e p Collider

Figure 1.3 Luminosity of proton and electron colliders as a function of their center-of-mass
energies.

and the luminosity is in units of L (cm!2s!1). If the two colliding beam bunches
have n1 and n2 particles, the rms geometrical overlap of the bunches as they cross
is described by σx and σ y , and the bunches pass through each other with collision
frequency f; then the luminosity is

L D f
n1n2

4πσx σ y
. (1.2)

The luminosity can be estimated from Figure 1.4, where the approaching particle
has a total cross-section of σint with a particle in the bunch. This single particle will
effectively see a fraction of the area of the opposing bunch (A D 4πσx σ y ) with N
particles in it equal to N ! σint/(4πσx σ y ). The total number of interactions for two
similar bunches, each with N particles, is N 2σint/(4πσx σ y ), and if the frequency
of bunch-bunch collisions is f, then

Rate D f
N 2

4πσx σ y
σint .

The luminosity is defined as the interaction rate per unit cross-section, so

L D Rate
σint

D f
N 2

4πσx σ y
.

The time interval between beam crossings, T D 1/ f , is determined largely by
the type and size of the machine, for example, the CERN Compact Linear Collider

Want to maximize
collision rate & energy

Energy

LHC

• More collisions means more
chance of seeing new
particles or interactions

collision
rate

m = E/c2

• More energy means we can
produce new heavy particles 

E = 7TeVLHC(2011):

Higgs: 1 : 1010
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ultra-relativisticnon-relativistic
mv2

r
= qvB E = qBr maximize: B, r
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Particles and Forces
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Basic Constituents of Matter?
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protons & neutrons in a nucleus

Basic Constituents of Matter?
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protons & neutrons in a nucleus

quarks in protons & neutrons

Basic Constituents of Matter?
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Einleitung – Standardmodell Flavor-Physik als Fenster zu neuer Physik Inklusive B-Zerfälle Einblick in SIMBA
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Force Mediators
Electromagnetism

Strong Force
Introduction More Introduction Fixed Order Resummation Monte Carlo Summary

Particle Physics: Physics at Shortest Distances
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LHC

Frank Tackmann (MIT) Better Theory Predictions for the LHC 2010-11-22 1 / 34

Weak Force
d → u e− ν̄e

( n → p e− ν̄e )

&  Gravity
(gravitons)

 Quantum Chromodynamics

 Quantum Electrodynamics
(QED)

(QCD)
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Higgs
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Jesse Thaler — Big Questions in Particle Physics

Steve Nahn!

The Origin of Mass?
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Order parameter for
electroweak symmetry breaking

is fundamental field?

1 TeV

1 GeV

Something New? hints for Higgs at LHC, 
but not yet definitively 

observed 

Particle
Masses
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Particle Forces/Interactions

strongE&M Weak

Higgs?

L q

W Z g±

H

e, µ, τ
νe, νµ, ντ

!"#$%&' ()*+,'
u, c, t
d, s, b
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Particle Forces/Interactions

strongE&M Weak

Higgs?

L q

W Z g±

H

e, µ, τ
νe, νµ, ντ

!"#$%&' ()*+,'
u, c, t
d, s, b

something new?

Higgs gives particles 
their masses
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Particle Forces/Interactions

strongE&M
Weak

Higgs?

Feynman Diagrams

e-

e+

!

e-

e+ !

e-

e+

!

q q
g

g

gg

e-

e+

! !

W
e

!

Factorization and SCET Higgs Jet Veto Calculation Results

H → WW vs. tt̄ → WWbb̄

1

W

H

W

�
ν

ν̄

�

→

�

�

p p

Soft

Jet Jet

:

40

b

b̄

W

W
�
ν

ν̄

�
→

�

�

p p

Soft

Jet Jet

Jet

Jet

⇒ Veto events with central jets, measure pp → H(→ WW ) + 0 jets

Frank Tackmann (MIT) Higgs Production with a Central Jet Veto 2011-01-24 8 / 26

Factorization and SCET Higgs Jet Veto Calculation Results

Higgs Production Channels

Dominant channels at LHC are

1 Gluon fusion:

gg → H

2 Vector-boson fusion:

qq → qqH 10 2

10 3

10 4

10 5

100 200 300 400 500

qq ! Wh

qq ! Zh

gg ! h

bb ! h

qb ! qth

gg,qq ! tth

qq ! qqh

mh [GeV]

" [fb]

SM Higgs production

LHC

TeV4LHC Higgs working group

Frank Tackmann (MIT) Higgs Production with a Central Jet Veto 2011-01-24 6 / 26

tg

g
H

coupling α
coupling αs
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LHC  Physics
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New Physics @ LHC
Might Answer: 

• What is Dark Matter?  Can we make it with a collider?

•

•

•
•

Do the forces we know unify into one 
force at high energies?

Are there new principles of nature? 
new symmetries? new particles?

Are there extra (small compact) spatial dimensions?

What happened to antimatter in the early universe?  

• Why are there 3 families of leptons & quarks?

Will Answer: Does a Standard Model-like Higgs boson exist?

• Is a standard model Higgs boson natural?

18



The Hunt for New Physics
often requires

Accurate Predictions 
for collisions from the known

Standard Model

How well can we do?

19



8CaltechNovember 18, 2004

... and our simple quark-level process

q

q t

t

--

... is buried in the muck.

q

q t

t

--

The LHC is like Feynman on QCD Steroids

The Issue:

20
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E =
hc

λ
high energy E

= short distance λ

few TeV ↔ 10−19m
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from Madgraph
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from Madgraph
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Here we collide hadrons and produce hadrons

from Madgraph

27



Additional high-momentum 
splitting (new jet) less likely

Formation of Jets

p

K

π

π

ρ

Perturbative soft and 
collinear splittings happen 

at intermediate time
αs � 1

Hadronization at late time 
at low energy scale ΛQCD

e or p

e or p

probability 
of splitting

soft and collinear 
enhancements

αs � 1
αs � 1

∼ 1

Eg(1− cos θ)

αs � 1

θ

Eg

Wednesday, December 1, 2010

CMS multi-jet event 

CMS 2 photon event 

ATLAS 4-jet event 
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A key tool for Theorists:  
Taylor Series
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Example 1

q

q̄e+

e−
Z

g

q

q̄e+

e−
Z

q

q̄e+

e−
Z

+ . . .

+ . . .

soft particles

!"#$%!"#$&

Feynman diagrams give rules for 
finding:  A = quantum amplitude

Probability ∝ |A|2

•

•

Series in αs

“1-loop”

“2-loops”

e+

e−e+e− → Z → 2 jets

A = A0 + αsA1 + α2
sA2 + . . .

“0-loop”

30



g

q

q̄e+

e−
Z

αsA1 = =
�

d4q
Numerator

(q2)(q + p)2(q − p̄)2

Feynman Loop graphs are integrals

• Lorentz Symmetry constrains integrandsq2 = (q0)2 − (�q )2

• more loops more integrals, calculations get tough

• the more legs poking out, the harder the integrals

state of the art for multi-legs is 6 legs at 1-loop

state of the art for multi-loop is 2 legs at 4-loops

• to handle results with 100’s of legs (with 0-loops) we 
use approximations

31



Integrals can DIVERGE  as q →∞

• forces us to be careful how we define αs

• introduce a cutoff parameter      to remove large 
momentum parts and make the integrals well defined.  

µ

• absorb large momentum parts into the coupling

g

gg

=
�

d4q
q2 + . . .

(q2)(q + p)2(q − p̄)2
∼

�
d4q

q4
+ . . .

!

!!

−q2 > µ2 −q2 < µ2

{

αs(µ)

well defined

(You may have guessed that I’m oversimplifying, 
but this is morally correct)
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Integrals can DIVERGE  as q →∞

• forces us to be careful how we define αs

• introduce a cutoff parameter      to remove large 
momentum parts and make the integrals well defined.  

µ

• coupling now depends on a parameter: αs(µ)

• absorb large momentum parts into the coupling

g

gg

=
�

d4q
q2 + . . .

(q2)(q + p)2(q − p̄)2
∼

�
d4q

q4
+ . . .

!

!!

−q2 > µ2 −q2 < µ2

{

αs(µ)

• ALL large momentum divergences in Standard Model can 
be treated in this way !

well defined

33



Introduction More Introduction Fixed Order Resummation Monte Carlo Summary

Particle Physics: Physics at Shortest Distances

u
d

u

m 110510101015 10−5 10−10 10−15

LHC

Frank Tackmann (MIT) Better Theory Predictions for the LHC 2010-11-22 1 / 34

bound quarks
large αs

large µ = Q,
small αs,
free quarks

Coupling Changes with resolution µ

small αs,
free quarksµ = Q [GeV]

• How do we know what        to pick for our Taylor Series?µ

A = A0 + αs(µ)A1 + α2
s(µ)A2 + . . .

proton

34



The Series gives us a hint.

A = A0 + αs(µ)A1 + α2
s(µ)

�
AL

2 ln
� µ

Q

�
+ A0

2

�
+ α3

s(µ)
�
AL

3 ln2
� µ

Q

�
+ . . .

�
+ . . .

Need: µ ∼ Q

If instead: µ� Q or µ� Q αs(µ) ln
�

µ
Q

�
∼ 1then

and we need an infinite number of terms

•

•

In fact, we can sum up an infinite series:
�

k

AL
k

�
αs(µ) ln

� µ

Q

��k

and prove that a choice µ ∼ Q is correct

Q = physical momentum associated to process we’re considering

eg. e+e− → anything

q

q̄e+

e−
Z

Qµ

Q =
�

Q2
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The Series gives us a hint.

A = A0 + αs(µ)A1 + α2
s(µ)

�
AL

2 ln
� µ

Q

�
+ A0

2

�
+ α3

s(µ)
�
AL

3 ln2
� µ

Q

�
+ . . .

�
+ . . .

Need: µ ∼ Q•

•

Q = physical momentum associated to process we’re considering

eg. e+e− → anything

q

q̄e+

e−
Z

Qµ

Q =
�

Q2

The precise choice µ = Q is not required, we can equally
well pick µ = Q/2 µ = 2Qor

Use this freedom to estimate higher order terms in the series.

“theory uncertainty”
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A = A0 + αs(µ)A1 + α2
s(µ)

�
AL

2 ln
� µ

Q

�
+ A0

2

�
+ α3

s(µ)
�
AL

3 ln2
� µ

Q

�
+ . . .

�
+ . . .

What if there were two scales in the series?   or more?

Q1, Q2

More about this later.
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Integrals can DIVERGE  as q → 0

g

q

q̄e+

e−
Z

=
�

d4q
Numerator

(q2)(q + p)2(q − p̄)2

g
q

q̄e+

e−
γ, Z

∼
�

d4q

q4
+ . . .

Must be careful about defining observables

soft particles

!"#$%!"#$&

M2
2

M2
1

hemisphere 
invariant masses

M2
1 =

� �

i∈hemi1

pµ
i

�2

define M̄2 = M2
1 + M2

2

M̄2 � Q2 ensures there
are only 2 jets
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Taylor Series for 2 Jets

σ(∆) = 1 + αsL
2 + α2

sL
4 + α3

sL
6 + . . .

+ αsL + α2
sL

3 + α3
sL

5 + . . .

+ αs + α2
sL

2 + α3
sL

4 + . . .

+ α2
sL + α3

sL
3 + . . .

+ α2
s + α3

sL
2 + . . .

+ α3
sL + . . .

+ α3
s + . . .

. . .

O(αs) O(α2
s) O(α3

s)

σ(∆) =
� ∆2

0
dM̄2 dσ

dM̄2

L = ln
�

∆2

Q2

�

Probability for 2 Jets ∝

“double logs”
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O(αs)
O(α2

s)
O(α3

s)

τ
0.240.16 0.20 0.300.280.260.220.18

0.0

1.0

1.4

0.4

0.2

0.6

0.8

1.2

σ
dσ
dτ

Fixed Order

1

Fixed Order Theory Uncertainty
τ � M̄2

Q2

Gehrmann, Gehrmann-De Ridder, Glover, Heinrich; Weinzierl
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σ(∆) = 1 + αsL
2 + α2

sL
4 + α3

sL
6 + . . .

+ αsL + α2
sL

3 + α3
sL

5 + . . .

+ αs + α2
sL

2 + α3
sL

4 + . . .

+ α2
sL + α3

sL
3 + . . .

+ α2
s + α3

sL
2 + . . .

+ α3
sL + . . .

+ α3
s + . . .

. . .

αs � 1 αsL
2 ∼ 1

solved by log 
summation

LL

Large Logs but

L = ln
�

∆2

Q2

�
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σ(∆) = 1 + αsL
2 + α2

sL
4 + α3

sL
6 + . . .

+ αsL + α2
sL

3 + α3
sL

5 + . . .

+ αs + α2
sL

2 + α3
sL

4 + . . .

+ α2
sL + α3

sL
3 + . . .

+ α2
s + α3

sL
2 + . . .

+ α3
sL + . . .

+ α3
s + . . .

. . .

LL
NLL

αs � 1 αsL
2 ∼ 1

solved by log 
summation

Large Logs but

L = ln
�

∆2

Q2

�
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σ(∆) = 1 + αsL
2 + α2

sL
4 + α3

sL
6 + . . .

+ αsL + α2
sL

3 + α3
sL

5 + . . .

+ αs + α2
sL

2 + α3
sL

4 + . . .

+ α2
sL + α3

sL
3 + . . .

+ α2
s + α3

sL
2 + . . .

+ α3
sL + . . .

+ α3
s + . . .

. . .

LL
NLL
NLL�

αs � 1 αsL
2 ∼ 1

solved by log 
summation

Large Logs but

L = ln
�

∆2

Q2

�
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σ(∆) = 1 + αsL
2 + α2

sL
4 + α3

sL
6 + . . .

+ αsL + α2
sL

3 + α3
sL

5 + . . .

+ αs + α2
sL

2 + α3
sL

4 + . . .

+ α2
sL + α3

sL
3 + . . .

+ α2
s + α3

sL
2 + . . .

+ α3
sL + . . .

+ α3
s + . . .

. . .

LL
NLL
NLL�

NNLL

αs � 1 αsL
2 ∼ 1

solved by log 
summation

Large Logs but

L = ln
�

∆2

Q2

�
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σ(∆) = 1 + αsL
2 + α2

sL
4 + α3

sL
6 + . . .

+ αsL + α2
sL

3 + α3
sL

5 + . . .

+ αs + α2
sL

2 + α3
sL

4 + . . .

+ α2
sL + α3

sL
3 + . . .

+ α2
s + α3

sL
2 + . . .

+ α3
sL + . . .

+ α3
s + . . .

. . .

LL
NLL
NLL�

NNLL
NNLL�

αs � 1 αsL
2 ∼ 1

solved by log 
summation

Large Logs but

L = ln
�

∆2

Q2

�
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σ(∆) = 1 + αsL
2 + α2

sL
4 + α3

sL
6 + . . .

+ αsL + α2
sL

3 + α3
sL

5 + . . .

+ αs + α2
sL

2 + α3
sL

4 + . . .

+ α2
sL + α3

sL
3 + . . .

+ α2
s + α3

sL
2 + . . .

+ α3
sL + . . .

+ α3
s + . . .

. . .

LL
NLL
NLL�

NNLL
NNLL�

N3LL

αs � 1 αsL
2 ∼ 1

solved by log 
summation

Large Logs but

L = ln
�

∆2

Q2

�
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σ(∆) = 1 + αsL
2 + α2

sL
4 + α3

sL
6 + . . .

+ αsL + α2
sL

3 + α3
sL

5 + . . .

+ αs + α2
sL

2 + α3
sL

4 + . . .

+ α2
sL + α3

sL
3 + . . .

+ α2
s + α3

sL
2 + . . .

+ α3
sL + . . .

+ α3
s + . . .

. . .

LL
NLL
NLL�

NNLL
NNLL�

N3LL
N3LL�

αs � 1 αsL
2 ∼ 1

solved by log 
summation

Large Logs but

L = ln
�

∆2

Q2

�
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τ
0.240.16 0.20 0.300.280.260.220.18

0.0

1.0

1.4

0.4

0.2

0.6

0.8

1.2 N LL3 ’
N LL3

NNLL
NNLL
NLL

’

’

σ
dσ
dτ

Sum Logs, no S
mod

1

mod

Becher, Schwartz; Abbate, Fickinger, Hoang, Mateu, I.S.

τ � M̄2

Q2

Theory Uncertainty with Log Summation
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soft particles

µS

µH

µp

E

µJ

jet 1 jet 2

•

ln2
�M̄

Q

�
= 2 ln2

� µ

Q

�
− ln2

� µ2

QM̄

�
+ 2 ln2

� µ

M̄

�

µH

µS

µJ

How?

�
1 + αs ln2(M̄/Q) + . . .

� �
1 + 2αs ln2(µ/Q) + . . .

�

�
1− αs ln2(µ2/QM̄) + . . .

�

�
1 + 2αs ln2(µ/M̄) + . . .

�

=
×
×

∼ Q

∼
�

QM̄

∼ M̄
all orders: σ = HJ ⊗ S ⊗ F

τ − Λ
Q

�
αs ln(µ/Λ) + α2

s ln2(µ/Λ) . . .
�

F induces series

= τ − 2Ω1

Q αs(Λ) ∼ 1

:∼ Λ
“Factorization”
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Fit Uncertainties: statistical errors + systematic errors + hadronization 
(        )2Ω1

Higher Order Theory 
Uncertainties:

{αs(mZ),Ω1}

A Tail Fit

two parameter fit:

scan over theory parameters (vary        )µ’s

Q = mZ

R
R

R

26

order Ω̄1 (MS) Ω1 (R-gap)

NLL′ 0.264 ± 0.213 0.293 ± 0.203

NNLL 0.256 ± 0.197 0.276 ± 0.155

NNLL′ 0.283 ± 0.097 0.316 ± 0.072

N3LL 0.274 ± 0.098 0.313 ± 0.071

N3LL′ (full) 0.252 ± 0.069 0.323± 0.045

N3LL′
(QCD+mb) 0.238 ± 0.070 0.310 ± 0.049

N3LL′
(pure QCD) 0.254 ± 0.070 0.332 ± 0.045

TABLE V: Theory errors from the parameter scan and cen-
tral values for Ω1 defined at the reference scales R∆ = µ∆ =
2 GeV in units of GeV at various orders. The N3LL′ value
above the horizontal line is our final scan result, while the
N3LL′ values below the horizontal line show the effect of leav-
ing out the QED corrections, and leaving out both the b-mass
and QED respectively. The central values are the average of
the maximal and minimal values reached from the scan.

τ

σ

dσ

dτ

τ

0.300.10 0.15 0.20 0.25
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Fit at N LL3 ’
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L3

SLD

for &

FIG. 13: Thrust distribution at N3LL′ order and Q = mZ

including QED and mb corrections using the best fit values
for αs(mZ) and Ω1 in the R-gap scheme given in Eq. (66). The
pink band represents the perturbative error determined from
the scan method described in Sec. VI. Data from DELPHI,
ALEPH, OPAL, L3, and SLD are also shown.

method. The fit result is shown in comparison with data
from DELPHI, ALEPH, OPAL, L3, and SLD, and agrees
very well. (Note that the theory values displayed are
actually binned according to the ALEPH data set and
then joined by a smooth interpolation.)

Band Method

It is useful to compare our scan method to determine the
perturbative errors with the error band method [26] that
was employed in the analyses of Refs. [20, 22, 25]. In the
error band method first each theory parameter is varied
separately in the respective ranges specified in Tab. III
while the rest are kept fixed at their default values. The
resulting envelope of all these separate variations with
the fit parameters αs(mZ) and Ω1 held at their best fit

Band Band Our scan
method 1 method 2 method

N3LL′ with ΩRgap
1 0.0004 0.0008 0.0009

N3LL′ with Ω̄MS
1 0.0016 0.0019 0.0021

N3LL′ without Smod
τ 0.0018 0.0021 0.0034

O(α3
s) fixed-order 0.0018 0.0026 0.0046

TABLE VI: Theoretical uncertainties for αs(mZ) obtained at
N3LL′ order from two versions of the error band method, and
from our theory scan method. The uncertainties in the R-gap
scheme (first line) include renormalon subtractions, while the
ones in the MS scheme (second line) do not and are therefore
larger. The same uncertainties are obtained in the analysis
without nonperturbative function (third line). Larger uncer-
tainties are obtained from a pure O(α3

s) fixed-order analysis
(lowest line). Our theory scan method is more conservative
than the error band method.

values determines the error bands for the thrust distri-
bution at the different Q values. Then, the perturbative
error is determined by varying αs(mZ) keeping all the-
ory parameters to their default values and the value of
the moment Ω1 to its best fit value. The resulting per-
turbative errors of αs(mZ) for our full N3LL′ analysis in
the R-gap scheme are given in the first line of Tab. VI.
In the second line the corresponding errors for αs(mZ)
in the MS scheme for Ω̄1 are displayed. The left column
gives the error when the band method is applied such
that the αs(mZ) variation leads to curves strictly inside
the error bands for all Q values. For this method it turns
out that the band for the highest Q value is the most
restrictive and sets the size of the error. The resulting
error for the N3LL′ analysis in the R-gap scheme is more
than a factor of two smaller than the error obtained from
our theory scan method, which is shown in the right col-
umn. Since the high Q data has a much lower statistical
weight than the data from Q = mZ , we do not consider
this method to be sufficiently conservative and conclude
that it should not be used. The middle column gives the
perturbative error when the band method is applied such
that the αs(mZ) variation minimizes a χ2 function which
puts equal weight to all Q and thrust values. This sec-
ond band method is more conservative, and for the N3LL′

analyses in the R-gap and the MS schemes the resulting
errors are only 10% smaller than in the scan method that
we have adopted. The advantage of the scan method we
use is that the fit takes into account theory uncertainties
including correlations.

Effects of QED and the bottom mass

Given the high-precision we can achieve at N3LL′ or-
der in the R-gap scheme for Ω1, it is a useful exercise
to examine also the numerical impact of the corrections
arising from the nonzero bottom quark mass and the
QED corrections. In Fig. 14 the distributions of the best
fit points in the αs-2Ω1 plane at N3LL′ in the R-gap
scheme is displayed for pure massless QCD (light green

Abbate, Fickinger, Hoang, Mateu, I.S.
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Theory Scan Results
NLL�, NNLL, NNLL�, N3LL, N3LL�
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αs(mZ) = 0.1135± (0.0002)expt ± (0.0005)hadr ± (0.0009)pert

Ω1 = 0.324± (0.009)expt ± (0.013)Ω2 ± (0.030)αs(mZ) ± (0.045)pert GeV
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Application:

H →WW → �ν�ν̄pp→

Higgs Production

Factorization and SCET Higgs Jet Veto Calculation Results

H → WW vs. tt̄ → WWbb̄

1

W

H

W

�
ν

ν̄

�

→

�

�

p p

Soft

Jet Jet

:

40

b

b̄

W

W
�
ν

ν̄

�
→

�

�

p p

Soft

Jet Jet

Jet

Jet

⇒ Veto events with central jets, measure pp → H(→ WW ) + 0 jets
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pp→ (H →WW )+ (all possible jets)

Taylor Series

2

counts for its more complicated perturbative structure.
Equation (2) also leads to an anti-correlation between the
cross sections in neighboring jet bins. When neighboring
bins are added the sensitivity to the boundary between
them cancels and the uncertainty reduces accordingly.
For example, for the 0-jet bin in H → WW ∗ discussed

above, we have σ0 = σtotal − σ≥1. Here, σ≥1 contains
double logarithms of the jet pT cut, whereas σtotal does
not involve any jet definition, so their perturbative series
can be considered largely independent. Therefore, tak-
ing their perturbative uncertainties ∆total and ∆≥1 as
uncorrelated, the covariance matrix for {σ0,σ≥1} is1

(

∆2
total +∆2

≥1 −∆2
≥1

−∆2
≥1 ∆2

≥1

)

. (4)

Using this matrix to compute the uncertainty in σ0+σ≥1

reproduces ∆total as it should.
We should mention that we are only discussing here the

uncertainties due to unknown higher-order perturbative
corrections, which are commonly estimated using scale
variations. We do not discuss parametric uncertainties,
such as PDF and αs uncertainties, which have been ex-
tensively discussed, recently for example in Refs. [7–14].
In the next section we present the arguments leading to

our proposal for evaluating the perturbative uncertainties
for exclusive jet bins, and discuss the structure of the
perturbative series. In Sec. III, we apply our method to
a variety of processes. We start in Secs. III A and III B
with discussion and numerical results for gg → H+0 jets
and gg → H + 1 jets. In Sec. III C, we consider pp →
WW+0 jets, which is an important background for Higgs
production. In Secs. III D, III E, and III F we consider
W + 0, 1, 2 jets, which are important backgrounds for
missing-energy searches. In Sec. IV, we consider again
gg → H + 0 jets and test our method for the fixed-order
uncertainties against a case where the resummation of
the large logarithms induced by the jet binning is known
to next-to-next-to-leading logarithmic (NNLL) accuracy.
We conclude in Sec. V. In App. A, we give expressions
for the uncertainties and correlations for the case where
one considers 0, 1, and (≥ 2)-jet bins as in Eq. (1).

II. JET BIN UNCERTAINTIES

To examine in more detail the modification of the per-
turbative series that takes place for exclusive jet bins,
we will consider the example of the 0-jet bin and (≥ 1)-
jet bin. The total cross section, σtotal, is divided into a
0-jet exclusive cross section, σ0(pcut), and the (≥ 1)-jet

1 Since these are theory uncertainties, there is no strict reason to
combine them in a particular way. We add them in quadrature
since this is the most convenient for discussing correlations and
error propagation.

inclusive cross section, σ≥1(pcut),

σtotal =

∫ pcut

0

dp
dσ

dp
+

∫

pcut

dp
dσ

dp

≡ σ0(p
cut) + σ≥1(p

cut) . (5)

Here, p denotes the kinematic variable which is used to
divide the cross section into jet bins. For most of our
analysis we take p ≡ pjetT , which for Eq. (5) is the largest
pT of any jet in the event. In this case, σ0(pcutT ) only
contains events with jets having pT ≤ pcutT , and σ≥1(pcutT )
contains events with at least one jet with pT ≥ pcutT .
In Eq. (5) both σ0 and σ≥1 depend on the phase space

cut, pcut, and by construction this dependence cancels
in their sum. This means that the additional perturba-
tive uncertainty induced by this cut, call it ∆cut, must
be 100% anti-correlated between σ0(pcut) and σ≥1(pcut).
That is, the contribution of∆cut to the covariance matrix
for {σ0,σ≥1} must be of the form

Ccut =

(

∆2
cut −∆2

cut

−∆2
cut ∆2

cut

)

. (6)

The questions then are: (1) How can we estimate ∆cut,
and (2) how is the overall perturbative uncertainty ∆total

of σtotal related to the uncertainty for σ0 and σ≥1.
To answer these questions, we discuss the perturba-

tive structure of the cross sections in more detail. By
restricting the cross section to the 0-jet region, one re-
stricts the collinear initial-state radiation from the collid-
ing hard partons as well as the overall soft radiation in
the event. This restriction on additional emissions leads
to the appearance of Sudakov double logarithms of the
form L2 = ln2(pcut/Q) at each order in a perturbative
expansion in the strong coupling constant αs, where Q is
the hard scale of the process. For Higgs production from
gluon fusion, Q = mH , and the leading double logarithms
appearing at O(αs) are

σ0(p
cut
T ) = σB

(

1−
3αs

π
2 ln2

pcutT

mH
+ · · ·

)

, (7)

where σB is the Born (tree-level) cross section.
The total cross section just depends on the hard scale

Q, which means by choosing the scale µ & Q, the fixed-
order expansion does not contain large logarithms and
has the structure2

σtotal & σB

[

1 + αs + α2
s +O(α3

s)
]

. (8)

2 These expressions for the perturbative series are schematic. They
do not show the convolution with the parton distribution func-
tions (PDFs) contained in σB , nor do they display µ dependent
logarithms. In particular, the single logarithms related to the
PDF evolution are not displayed, since they are not the loga-
rithms we are most interested in discussing.

µ = mH/2
mH = 165GeV

4

when we consider the difference σN = σ≥N − σ≥N+1.
Hence, ∆≥N+1 will again give a better estimate for the
∆cut that arises from separating σ≥N into jet bins σN and
σ≥N+1. Another advantage of our procedure is that it is
easily generalized to more than two jet bins by iteration.
The case of three jet bins is given in App. A.

III. EXAMPLE PROCESSES

To elucidate the effect of pjetT vetoes on the fixed-order
cross sections and demonstrate our method, we will now
go through several explicit examples, considering in turn
H + 0 jets, H + 1 jet, WW + 0 jets, and W + 0, 1, and
2 jets. All of our NLO pT spectra are obtained using
the MCFM code [15–18]. As our jet algorithm we use
anti-kT for the LHC results and a cone algorithm for the
Tevatron results with R = 0.5 for both.

A. Higgs + 0 Jets

In Higgs production via gluon fusion the cross section is
known to next-to-next-to-leading order (NNLO) [19–26],
and exhibits large perturbative corrections. Consider the
numerical results for the Higgs production cross section
for mH = 165GeV, µf = µr = mH/2, and MSTW2008
NNLO PDFs [27], for which αs ≡ αs(mH/2) = 0.1189.
Here one finds [28–31]

σtotal = (3.32 pb)
[

1 + 9.5αs + 35α2
s +O(α3

s)
]

, (13)

for the LHC at Ecm = 7TeV. Note that there is an
α2
s in the Born cross section, σB = 3.32 pb, but only

the relative size of the corrections is important for our
discussion. For the Tevatron the series is

σtotal = (0.15 pb)
[

1 + 9.0αs + 34α2
s +O(α3

s)
]

. (14)

In both cases the large K factors are clearly visible.4 For
the inclusive 1-jet cross section at the LHC one finds

σ≥1

(

pjetT ≥ 30GeV, |ηjet| ≤ 3.0
)

= (3.32 pb)
[

4.7αs + 26α2
s +O(α3

s)
]

,

σ≥1

(

pjetT ≥ 25GeV)

= (3.32 pb)
[

6.0αs + 32α2
s +O(α3

s)
]

. (15)

4 Using instead µf = µr = mH the coefficients of the αs and α2
s

terms increase to 11 and 65 for the LHC and 12 and 74 for the
Tevatron, respectively. The αs coefficients for the Tevatron for
example arise as 9.0 = 4.9 + 2.0 + 2.1 (µ = mH/2) and 12.0 =
4.9+5.7+1.4 where the three contributions are respectively from
the terms in the partonic cross section proportional to δ(1 − z),
terms involving the plus functions [1/(1−z)]+ and [ln(1−z)/(1−
z)]+, and the remaining terms that are nonsingular for z → 1.
When separating these different terms we keep the overall 1/z
factor in the convolution integral with measure dz/z.

The first values correspond to the ATLAS and CMS ref-
erence cuts, and the second to current ATLAS and CMS
H → WW ∗ analyses [3, 4]. Similarly, for the typical cuts
used in H → WW ∗ at the Tevatron [2], one finds

σ≥1

(

pjetT ≥ 20GeV, |ηjet| ≤ 2.5
)

= (0.15 pb)
[

4.1αs + 27α2
s +O(α3

s)
]

. (16)

In both Eqs. (15) and (16) one clearly sees the impact of
the large logarithms on the perturbative series. Compar-
ing to Eqs. (13) and (14) one also sees the sizeable nu-
merical cancellation between the two series at each order
in αs. The extent of this cancellation depends sensitively
on the value of pcut.
The perturbative uncertainties on these inclusive cross

sections can now be used to determine the exclusive cross
section uncertainties. Varying the scale up and down
by a factor of two around mH/2 gives for the Tevatron
σtotal = (0.386± 0.040) pb and σ≥1 = (0.132± 0.034) pb
with the pjetT and ηjet cuts as in Eq. (16). Adding these in
quadrature according to the upper-left entry in Eq. (4)
gives

σ0 = (0.254± 0.052) pb , (17)

i.e., a 20% uncertainty. In contrast, when doing a naive
scale variation directly in the fixed-order expansion for
σ0(pcut), as in Eq. (1), one implicitly assumes that the
perturbative uncertainties between the series for σtotal

and σ≥1 are 100% correlated, giving σ0 = (0.254±0.006).
Here this leads to an underestimate for the remaining
uncertainty. For the LHC, using the reference cuts, we
get σtotal = (8.70± 0.75) pb and σ≥1 = (3.08± 0.59) pb,
leading to

σ0 = (5.63± 0.96) pb , (18)

i.e., a 17% uncertainty. In contrast, the naive scale vari-
ation for σ0 yields σ0 = (5.63 ± 0.15), which is again an
underestimate.
The two procedures of evaluating uncertainties can be

compared as a function of pcutT , and in the upper left
panel of Fig. 1 we do so for σ0(pcutT ) for Higgs produc-
tion. Results for σ0 are obtained at NNLO for the LHC at
Ecm = 7TeV, using MCFM to calculate the pcutT depen-
dence, FEHiP [28, 29] for the total NNLO cross section,
and µ = mH/2 for central values. The central value is the
solid blue curve, and the green dashed and dotted lines
show the results of naive scale variation by a factor of two.
For small values of pcutT the cancellations that take place
for σ0(pcut) cause the error bands to shrink. In particular,
the naive scale uncertainty vanishes at pcutT & 25GeV,
where there is an almost exact cancellation between the
two series in Eq. (10), and the uncertainty curves pinch
together. In contrast, the outer red solid lines show the
result of our method, which combines the independent in-
clusive uncertainties to obtain the exclusive uncertainty,
∆2

0 = ∆2
total +∆2

≥1. One can see that for large values of

αs(µ) � 0.1

large coefficients

Introduction More Introduction Fixed Order Resummation Monte Carlo Summary

Higgs Production at NNLO

Gluon fusion: gg → H

Total cross section at NNLO including top-mass effects
[Harlander, Kilgore; Anastasiou, Melnikov; Ravindran, Smith, van Neerven]
[Pak, Rogal, Steinhauser; Harlander, Mantler, Marzani, Ozeren]

Electroweak corrections to O(αemαs)
[Aglietti, Bonciani, Degrassi, Vicini; Actis, Passarino, Sturm, Uccirati; Anastasiou, Boughezal, Petriello]

Summation of higher-order threshold and constant terms to N3LL
[de Florian, Grazzini; Ahrens, Becher, Neubert, Yang]

⇒ Uncertainties: perturbative ∼ 3%, PDFs ∼ 7%

FEHiP, HNNLO: Numerical fully differential cross section at NNLO
[Anastasiou, Melnikov, Petriello; Grazzini]

Vector-boson fusion: qq → qqH

Total cross section at NNLO∗ [Bolzoni, Maltoni, Moch, Zaro]

⇒ Uncertainties: perturbative � 2%, PDFs ∼ 3%

HAWK: Numerical fully differential cross section at NLO (QCD+EW)
[Ciccolini, Denner, Dittmaier, Mück]

Frank Tackmann (MIT) Better Theory Predictions for the LHC 2010-11-22 14 / 34
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pp→ (H →WW )+ (0 jets)
Taylor Series

Why?

large top background 

Factorization and SCET Higgs Jet Veto Calculation Results
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Figure 2: Cut flow evolutions in the 0-jet bin for (a) mH = 140 GeV/c2 SM Higgs selection and
(b) mH = 160 GeV/c2 SM Higgs selection. The first step corresponds to the dilepton selection;
the second step corresponds to the projected Emiss

T requirements; the third step corresponds
to the Z veto; the fourth step corresponds to the jet veto; the fifth step corresponds to the top
veto. All cuts up to this point correspond to the W+W− common preselection. The last set of
requirements depends on the Higgs mass selection. The sixth and seventh steps correspond to
the p�,max

T and p�,min
T requirements, respectively; the eighth step corresponds to the m�� require-

ment, while the ninth step corresponds to the m��Emiss
T

T two-side requirement. Finally, the last
step corresponds to the ∆φ�� requirement. All the appropriate background normalizations and
scale factors from data are at every step included in the signal and background expectations.

tends to get narrower uncertainty bands. Results are reported in the following using only the
CLs approach. The systematic uncertainties are included as log-normal distributions.

The 95% C.L. observed and expected median upper limits are shown in Figure 3. The bands
represent the 1σ and 2σ probability intervals around the expected limit. The a-posteriori proba-
bility intervals on the cross section are constrained by the a-priori minimal assumption that the
signal and background cross sections are positive definite. We exclude the presence of a Higgs
boson with a mass in the range [147 - 194] GeV/c2 at 95% C.L., with an expected exclusion
sensitivity in the range [136 - 200] GeV/c2.

process Higgs qq → WW gg → WW VV top Z/γ∗ → �+�− W + jets ∑Bkg data
0-jet bin, SF 18.8 ± 4.2 31.5 ± 5.5 1.5 ± 0.8 0.8 ± 0.1 3.1 ± 1.1 0.1 ± 0.0 5.6 ± 2.3 44.0 ± 6.2 46
0-jet bin, OF 15.9 ± 3.6 29.1 ± 5.1 1.3 ± 0.7 0.5 ± 0.1 1.4 ± 0.5 3.1 ± 4.2 5.3 ± 2.2 40.6 ± 7.0 41
1-jet bin, SF 6.6 ± 2.2 8.3 ± 3.1 0.5 ± 0.3 0.5 ± 0.1 5.6 ± 1.2 0.2 ± 0.1 2.4 ± 1.1 17.8 ± 3.5 23
1-jet bin, OF 4.6 ± 1.5 5.8 ± 2.2 0.3 ± 0.2 0.3 ± 0.1 3.2 ± 0.8 1.2 ± 2.7 1.5 ± 0.9 12.6 ± 3.7 23
2-jet bin 0.5 ± 0.1 0.6 ± 0.2 0.1 ± 0.1 0.0 ± 0.0 2.6 ± 1.5 0.8 ± 0.6 1.0 ± 0.6 5.3 ± 1.7 7

Table 4: Summary of the yields for signal, main backgrounds and data for the mH = 140 GeV/c2

analysis. The total systematic uncertainties are also reported. Same-flavor (SF) and opposite-
flavor (OF) final states are shown separately for both 0-jet and 1-jet bins.

0-jet bin
vetoes 
tops
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pp→ (H →WW )+ (0 jets)
Taylor Series

Why?

large top background 
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Introduction More Introduction Fixed Order Resummation Monte Carlo Summary

Higgs Production at NNLO

Gluon fusion: gg → H

Total cross section at NNLO including top-mass effects
[Harlander, Kilgore; Anastasiou, Melnikov; Ravindran, Smith, van Neerven]
[Pak, Rogal, Steinhauser; Harlander, Mantler, Marzani, Ozeren]

Electroweak corrections to O(αemαs)
[Aglietti, Bonciani, Degrassi, Vicini; Actis, Passarino, Sturm, Uccirati; Anastasiou, Boughezal, Petriello]

Summation of higher-order threshold and constant terms to N3LL
[de Florian, Grazzini; Ahrens, Becher, Neubert, Yang]

⇒ Uncertainties: perturbative ∼ 3%, PDFs ∼ 7%

FEHiP, HNNLO: Numerical fully differential cross section at NNLO
[Anastasiou, Melnikov, Petriello; Grazzini]

Vector-boson fusion: qq → qqH

Total cross section at NNLO∗ [Bolzoni, Maltoni, Moch, Zaro]

⇒ Uncertainties: perturbative � 2%, PDFs ∼ 3%

HAWK: Numerical fully differential cross section at NLO (QCD+EW)
[Ciccolini, Denner, Dittmaier, Mück]
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FIG. 2: Fixed-order perturbative uncertainties for gg → H +0 jets at NLO and NNLO. The upper row is for the Tevatron and
the lower row for the LHC with Ecm = 7TeV. On the left, the uncertainties are obtained from the direct scale variation in
σ0(p

cut
T ) between µ = mH/4 and µ = mH . On the right, the uncertainties are obtained by independently evaluating the scale

uncertainties in σtotal and σ≥1(p
cut) and combining them in quadrature. (For the LHC case the dark shaded NNLO bands

correspond to results in the top-left panel of Fig. 1. The direct exclusive scale variation band corresponds to the dashed green
lines, and the combined inclusive uncertainty band corresponds to the solid red lines.)

inclusive cross sections with these cuts,

σ1 = σ≥1

(
pjetT1 ≥ pcutT1

)
− σ≥2

(
pjetT1 ≥ pcutT1 , p

jet
T2 ≥ pcutT

)
.

(19)
For convenience we adopt the notation that pcutT is always
used for the cutoff that determines the upper boundary
of the jet bin under consideration, which gives the analog
of the L dependent terms in Eq. (10).
The inclusive cross section σ≥1 that includes the 1-

jet bin exhibits large perturbative corrections, much as
σtotal does for the 0-jet bin. For σ≥1 the large corrections
are caused in part by the large double logarithmic series
in ln(pjetT1/mH), but remains predominantly independent

of the large double logarithms of L = ln(pjetT2/mH) which
control the series for σ≥2. With µf = µr = mH/2, mH =
165GeV, and MSTW2008 NNLO PDFs, we find

σ≥1

(
pjetT1 ≥ 30GeV)

= (2.00 pb)
[
1 + 5.4αs +O(α2

s)
]
,

σ≥2

(
pjetT1 ≥ 30GeV, pjetT2 ≥ 30GeV)

= (2.00 pb)
[
3.6αs +O(α2

s)
]
. (20)

For σ1 = σ≥1 − σ≥2 there is a sizeable cancellation be-
tween these αs terms. If we lower the cut to pjetT2 ≥
22GeV then the logarithm increases and there is an al-
most exact cancellation with the 5.4αs. In the top right
panel of Fig. 1 we plot σ1 as a function of pcutT , and we
again see that this cancellation occurs in a region where
there is a dramatic decrease in the direct exclusive scale
dependence (green dashed and dotted curves). Using the
inclusive uncertainties for σ≥1 and σ≥2, and adding them
in quadrature, gives the solid red curves, which again
avoids this problem and provides a more realistic esti-
mate for the perturbative uncertainty.
Using the result from App. A we can examine the

full uncertainties and correlation matrix with 0, 1, and
(≥ 2)-jet bins in Higgs production. For the cuts in
Eq. (20) varying the scale by factors of two, we have
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inclusive cross sections with these cuts,

σ1 = σ≥1

(
pjetT1 ≥ pcutT1

)
− σ≥2

(
pjetT1 ≥ pcutT1 , p

jet
T2 ≥ pcutT

)
.

(19)
For convenience we adopt the notation that pcutT is always
used for the cutoff that determines the upper boundary
of the jet bin under consideration, which gives the analog
of the L dependent terms in Eq. (10).
The inclusive cross section σ≥1 that includes the 1-

jet bin exhibits large perturbative corrections, much as
σtotal does for the 0-jet bin. For σ≥1 the large corrections
are caused in part by the large double logarithmic series
in ln(pjetT1/mH), but remains predominantly independent

of the large double logarithms of L = ln(pjetT2/mH) which
control the series for σ≥2. With µf = µr = mH/2, mH =
165GeV, and MSTW2008 NNLO PDFs, we find

σ≥1

(
pjetT1 ≥ 30GeV)

= (2.00 pb)
[
1 + 5.4αs +O(α2

s)
]
,

σ≥2

(
pjetT1 ≥ 30GeV, pjetT2 ≥ 30GeV)

= (2.00 pb)
[
3.6αs +O(α2

s)
]
. (20)

For σ1 = σ≥1 − σ≥2 there is a sizeable cancellation be-
tween these αs terms. If we lower the cut to pjetT2 ≥
22GeV then the logarithm increases and there is an al-
most exact cancellation with the 5.4αs. In the top right
panel of Fig. 1 we plot σ1 as a function of pcutT , and we
again see that this cancellation occurs in a region where
there is a dramatic decrease in the direct exclusive scale
dependence (green dashed and dotted curves). Using the
inclusive uncertainties for σ≥1 and σ≥2, and adding them
in quadrature, gives the solid red curves, which again
avoids this problem and provides a more realistic esti-
mate for the perturbative uncertainty.
Using the result from App. A we can examine the

full uncertainties and correlation matrix with 0, 1, and
(≥ 2)-jet bins in Higgs production. For the cuts in
Eq. (20) varying the scale by factors of two, we have

[Tackmann, I.S.]

uncertainty from µ variation

large cancellation at
relevant cuts

gets smaller?

realistic uncertainty
IF

we avoid this cancellation

method A

method B

∆0 = (∆2
total + ∆2

≥1)
1/2

σ0 = σtotal − σ≥1

This Method B is one small ingredient in the
LHC Higgs search 
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Can we theorists do better?
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Sum Large Logs with 
“Factorization”

σ(∆) = 1 + αsL
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[C.Berger, C.Marcantonini, I.S., F.Tackmann, W.Waalewjn]
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I.S., F.Stockli, F.Tackmann,W.Waalewijn 
(Higgs Yellow Report #2)
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I.S., F.Stockli, F.Tackmann,W.Waalewijn 
(Higgs Yellow Report #2)
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Higher Precision Calculation: 
 Factor of 2 improvement 

69



More on this next week in 
Markus Klute’s lecture

Higgs Bounds (& Hints?)
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LHC !

• closing in on the 
Higgs, a key missing 
ingredient in the
so far successful
Standard Model

• also constraining
new physics 
scenarios, and geared
up for discovery
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