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Particles and Forces

2



Constituents of Matter
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Constituents of Matter
protons & neutrons in a nucleus
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Constituents of Matter
protons & neutrons in a nucleus

quarks in protons & neutrons
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Weak Force
d → u e− ν̄e

( n → p e− ν̄e )

&  Gravity
(gravitons)

 Quantum Chromodynamics

 Quantum Electrodynamics
(QED)

(QCD)
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Strong Force, QCD

Quarks
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gluon

• Rich Phenomenology (hadrons, jets, quark-gluon plasma, ...)
• Calculations are difficult

• Crucial for Collider Physics, where we smash together protons 
and/or electrons at high energies:

e+e− (LEP expt.) pp (Large Hadron Collider)e−p (Jefferson lab)
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gluon

Related Goals:

 Test & study our understanding of QCD•

• Measure fundamental parameters of the Standard 
  Model of Particle and Nuclear physics

• Search for missing particles (Higgs, Dark Matter),
  and for signals of new physics (particles / forces)

8



 Intro to QED,                             
               QCD, 

Outline

•

• Energetic Particles & Soft-Collinear Effective Theory

•

The Physics of Jets

Applications:

α = 1
137.035...

αs

iii)    Higgs and Jets

i)    Measuring        with Jetsαs

ii)  Top Quark Mass from Jets
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QED

Special Relativity:
Quantum Mechanics:

spacetime,  v ≤ c

quantization,  ∆x∆p ≥ h̄

2
QED {

antiparticles,  spin,  gauge-theory

Interactions

V = −e2

r
V = +

e2

r

two factors of the coupling

e-

e-
!

e-

e+

!

e-

e+ ! e-

e+

!
pair

annihilation
pair 

creation

parameters:  charge & masses

(quantum electromagnetism)

α =
e2

4π

10



For Hydrogen

the system is non-relativistic: pe � me

QED = Quantum 
Mechanics
(non-relativistic)

+ O

� pe

me

�
+ O

� p2
e

m2
e

�
+ . . .

�

NRQED
(a theory that makes
calculations simpler)

•
•

proton
e-

α� 1the coupling is small:
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� 1

Hydrogen
proton

e-

α = 1
137.035...

E � −meα2

2n2

+ meα
4 +

m2
e

mp
µeµpα

4

+ meα
5 ln(α) + meα

5

+ meα
6 ln(α) + meα

6

+ meα
7 ln2(α) + meα

7 ln(α) + . . .

α2 α4 α5
me

mp
α4
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Is the fine structure constant really constant?
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e-

e+

! !Vacuum Polarization

- -+

-+
-

+

- +

-
+

- + - +

-+

α(E) =
α(0)

1− α(0)
3π ln

�
E2

m2
e

�

at larger energy E, we 
probe shorter distances 
and see a larger charge

like a dielectric,
gives screening

resolution µ = E

µ
d

dµ
α(µ) =

2

3π
α2(µ)

0.1 1.0 10 100 1000

135.5

136.0

136.5

137
1

α

E (MeV )

hydrogen

E = me

A small effect. 

e−

α(0) +
α2(0)
3π

ln
�E2

m2
e

�
+ . . . = α(E)
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QCD

Interactions

q q
g g

gg

g

gg

g

strong coupling: αs(µ) = g(µ)2

4π
g(µ)

these interactions involve 
the same coupling 
(gauge symmetry)

for quarks (q) & gluons (g)

almost all systems of interest are highly relativistic•
• the coupling is much larger

E = αs + α2
s + α3

s + . . .

Introduction More Introduction Fixed Order Resummation Monte Carlo Summary

Particle Physics: Physics at Shortest Distances
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proton
here all terms are equally important
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Vacuum response?

gluons have spin, carry color charge
behave like a paramagnet
anti-screen the charge

< 0

 And here vacuum polarization is very important

In QCD, the coupling ,            ,  behaves in the opposite way to 
QED,  it gets weaker at short distance/high energy

β(αs) = µ
d

dµ
αs(µ) = −αs(µ)2

2π

�
11− 2

3
nf

�

αs(µ)
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αs(µ) =
g(µ)2

4π

S.Bethke
2006

large change in the value

Asymptotic freedom 

so use perturbation theory for 
high energy collisions!

qq̄ → qq̄

q q

q̄q̄ qµ

Q2 = q2

large µ = Q, small αs, free quarks

Introduction More Introduction Fixed Order Resummation Monte Carlo Summary

Particle Physics: Physics at Shortest Distances

u
d

u
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LHC

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

bound quarks

r = Λ
−1
QCD � 1 fm � (200 MeV)−1

So what does a scattering 
experiment look like?

β(αs) = µ
d

dµ
αs(µ) < 0
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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
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The KEY simplification is that the problem factorizes into pieces.

The probability can be computed by:

Prob(A|B) =
�

C

Prob(A|C) Prob(C|B)

= ×
× ×

Prob
�
q̄(�p � ) in p̄

�
Prob

�
q(�p ) in p

�

Prob(qq̄ → tt̄) Prob
�

tt̄ to produce
hadrons

�

Probability for pp collision 
to produce these hadrons

we can determine which parts are perturbative

19



Probability for pp collision 
to produce these hadrons

= ×
× ×

Unfortunately this is not as simple as just multiplying numbers.  Typically 
we have probability densities that must be integrated against each other.

probability of finding a quark of 
momentum “x” in the proton

analogy:  Bragg scattering of 
X-rays on a crystal, for this

time scale the atoms are at rest

eg.
σhadrons =

�
dx

�
dy fq/p(x) fq̄/p̄(y) σqq̄→tt̄(x, y) · · ·

Prob
�
q̄(�p � ) in p̄

�
Prob

�
q(�p ) in p

�

Prob(qq̄ → tt̄) Prob
�

tt̄ to produce
hadrons

�

20



{

Possible simplification:
= 1

if we sum over all 
possible things that
        can produce tt̄

This simplification is usually not realistic since we are interested 
in specific final states, or must impose experimental cuts.  

Probability for pp collision 
to produce these hadrons

= ×
× ×

Prob
�
q̄(�p � ) in p̄

�
Prob

�
q(�p ) in p

�

Prob(qq̄ → tt̄) Prob
�

tt̄ to produce
hadrons

�

21



Because these probability formulas have a lot of structure and deriving 
them is involved, they get to be called “Factorization Theorems”

Probability for pp collision 
to produce these hadrons

= ×
× ×

Prob
�
q̄(�p � ) in p̄

�
Prob

�
q(�p ) in p

�

Prob(qq̄ → tt̄) Prob
�

tt̄ to produce
hadrons

�

8CaltechNovember 18, 2004

... and our simple quark-level process

q

q t

t

--

... is buried in the muck.

q

q t

t

--
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Jets
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not this kind of jet ...
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a cluster of hadrons moving in the same direction
QCD collisions like to produce Jets:

LEP 2 jet event CDF 4 jet top event

Why?

collinear enhancement
larger αs

repeat to get a “shower”:q

q

g

p1
⊥

p2
⊥

2 jet event at LHC
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Instead of measuring properties of hadrons we can 
measure properties of jets

!"#$%&''(%)*+,-.*/0%12345%0%6/+37%89:0%&''(64;+< =>%=*24?%%9 @

Basic Methods

ILCThreshold Scan

Invariant  Mass Reconstruction Tev +LHC + ILC

“threshold masses”

13ABC70%12+D34C5E

F**?C+D0%%G*B42+3-

H IC72D3*4J%AB2+,%K2--C-%%%%%%%%+C-*424LC%K2--%%%%%

H 12--9-L.CKC%;C/C4;C4LC

H I2;32D3MC L*++CLD3*4-

H "*4-3-DC4D%-C/2+2D3*4

H NK/*+D24D%27-*%O*+%$CM2D+*4 KC2-B+CKC4D-

H /C+DB+P2D3MC COOCLD-

H 4*49/C+DB+P2D3MC COOCLD-

eg. invariant mass

M2
t =

� �

i

pµ
i

�2
� p2

t = m2
t

Effectively we treat the jets much like we 
would treat single particles.

eg.  d2σ

dM2
t dM2

t̄

Probability is given by a 
differential cross section

M2
t̄

26



Only for simpler cases do explicit derivations of these probability 
formulas for jets exist. There is not a general user friendly formula.

Many Collider calculations are therefore done just by following the 
factorization paradigm. This may not be 100% correct in all the details, 
but should capture the bulk of what is going on: 

detector
simulation

perturbative calculations with 
quarks and gluons

quark in proton
probability
 functions

shower monte 
carlo to produce jets models to turn quarks

into hadrons Probability
formula

In this talk I only discuss examples 
where we have rigorous theoretical 
control of the pieces in the box.
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Soft - Collinear Effective Theory
Bauer, Pirjol, I.S., Fleming 

E � ΛQCDCollinear:   energetic hadrons & jets,

A framework derived from QCD that makes it easier to find 
the probability formulas for high energy scattering. In addition 
it makes the approximations required to do so explicit, and 
allows corrections to be computed systematically.

Soft:   low energy, particles without a preferred direction

“SCET” 

(Much like NRQED provides a simplified 
  version of QED for certain processes.)

, collimated
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µJ,B

µH

� 1 ,Expand:
µS,p

µJ
� 1
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µH : coefficients in SCET Hamiltonian
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soft-collinear factorization in SCET
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∼ 1
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iii)     Higgs and Jets

i)    Measuring        with Jetsαs

ii)  Top Quark Mass from Jets

Applications

43



Measuring the Strong Coupling with Jets

Aim at 1%
precision

Abbate, Fickinger, Hoang, Mateu, I.S.

arXiv:1006.3080 

Becher, Schwartz

 use work by: Gehrmann et al. & Weinzierl O(α3
s)

N3LL

(factor of     
improvement)

∼ 5

e+e− → jets
Q

44
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Measure a classic “event-shapes” called Thrust 

2 jets

spherical 
event

t̂

peak

tail

d!
d"

1
!

20

15

10

5

0
0.0 0.1 0.2 0.3 0.4

" τ = 1/2

multijet

2 jets, soft radiation

2 jets, 3 jets
> 3 jets

Q = 91.2 GeV

ALEPH, DELPHI, L3, OPAL, SLD

τ = 0

µQ � µJ � µS

τ = 1−max
t̂

�
i |̂t · �pi|
Q

experiments:
(also TASSO, 
JADE, Amy)
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Large Logs

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 + . . .

. . .

here σ(∆) =
� ∆

0
dτ

dσ

dτ

small print: 

αs � 1 but

L = ln(µQ/µJ) = ln(µJ/µS) = ln(1/τ)

αsL
2 ∼ 1

O(αs) O(α2
s) O(α3

s) no good
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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 + . . .

. . .

here σ(∆) =
� ∆

0
dτ

dσ

dτ

small print: 

αs � 1

L = ln(µQ/µJ) = ln(µJ/µS) = ln(1/τ)

αsL
2 ∼ 1 solved by log 

summation

;    sum’s are actually in exponent

LL

Large Logs

but

48



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 + . . .

. . .

here σ(∆) =
� ∆

0
dτ

dσ

dτ

small print: 

αs � 1

L = ln(µQ/µJ) = ln(µJ/µS) = ln(1/τ)

αsL
2 ∼ 1 solved by log 

summation

;    sum’s are actually in exponent

LL
NLL

Large Logs

but
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At the end of the LEP era (2000) the common 
method used was tuning hadronization models. 

Nonperturbative Effects

“With four parameters I can fit an
elephant, and with five I can 
make him wiggle his trunk”

John von Neumann

αs(µ) ∼ 1
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Nonperturbative Effects
“With four parameters I can fit an
elephant, and with five I can 
make him wiggle his trunk”

John von Neumann

αs(µ) ∼ 1

Parametrically effect is large:•
Effect on cross section is highly correlated with
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•
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Nonperturbative Effects
“With four parameters I can fit an
elephant, and with five I can 
make him wiggle his trunk”

John von Neumann

αs(µ) ∼ 1

Parametrically effect is large:•
Effect on cross section is highly correlated with

Theoretically need to ensure nonperturbative 
parameters are formally orthogonal to the 
perturbative corrections.

δαs
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mZ
� −10%

•

•

Real issues: do multiple Q
global-fitαs(mZ)

rigorous theory
& fit Ω1
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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
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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
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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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Top Quark Mass from Jets

Einleitung – Standardmodell Flavor-Physik als Fenster zu neuer Physik Inklusive B-Zerfälle Einblick in SIMBA

Flavor-Physik

Studiert Eigenschaften der verschiedenen Flavors ...

Massen:

GeV10−9 10−6 10−3 1 103

s tbud cν? e

u
d

u

LHC

... und deren Übergänge, z.B. Zerfall des Neutrons (nuklearer β-Zerfall)
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ν̄eVud
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bQ
u
a
rk

s

s

c

d

u

⇒ Übergangswahrscheinlichkeit d → u gegeben durch |Vud|2

Frank Tackmann (MIT) Analyse inklusiver B-Zerfälle mit SIMBA 18.10.2010 3 / 26
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Motivation
• The new particles we hope to discover at the Large Hadron Collider 
(LHC) at CERN are massive. Many of them are highly unstable and 
decay to jets.  

•

Of the particles we know of, the top quark is the closest to these, 
so it behooves us to understand the physics of top jets precisely. 

The                             is a top quark factory, producing  
8 million tt̄ / year 

Measuring the top quark mass is a major goal, but doing significantly 
better than the world average will be tough work.

δmt ∼ 1 GeV systematics dominated 

Top Quark Physics at LHC, Bad Honnef , January 26-27 

2007

André H. Hoang  - 13

Reconstruction at LHC and ILC

~

~

ATLAS (l+jets)

! Which parton shower MC to use ?

! Which jet algorithm ?

Current world average (CDF & DO experiments):

An elementary particle which
is as heavy as 180 protons!

•

LHC @14 TeV

mt = 173.3± 0.6(stat)± 0.9(syst) GeV
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mass definition?

67



Many other scattering processes are sensitive to         , 
so we would like to know it as precisely as possible. 

eg.  Take the Higgs particle, the only unobserved
 particle in the standard model.  

Precision data constrains its mass          .mH

mt

Gfitter, 2010

The top mass measurement 
favors a light Higgs.
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For the LHC we need to understand pp→ tt̄X → jets + leptons

Using SCET, one can derive a factorization theorem for the 
case of high energy tops produced in e+e− → tt̄X → jets + leptons

M2
t̄

Q

probability for soft radiation
(not perturbative)

thrust
 axis

soft particles

n-collinear n-collinear

hemisphere-a hemisphere-b M2
t

Mantry, Fleming, Hoang, I.S.

jet function for heavy particles
(calculate perturbatively in αs)

d
2
σ

dM
2
t dM

2
t̄

= σ0H(Q,m, µ)
�

dx dy Bt

�
st −

Qx

m
,µ

�
Bt̄

�
st̄ −

Qy

m
,µ

�
S(x, y, µ)
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For the LHC we need to understand pp→ tt̄X → jets + leptons

Using SCET, our group derived a new factorization theorem for the 
case of high energy tops produced in e+e− → tt̄X → jets + leptons

Q
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FIG. 3: The jet function, mB(ŝ, δm, Γt, µ) versus Mt, where ŝ = (M2
t −m2)/m and Γt = 1.43 GeV. The left panel shows results

in the pole-mass scheme and the right panel shows results in the jet-mass scheme. The black dotted curve is the tree-level
Breit-Wigner, the green short-dashed curves are LL results, blue long-dashed curves are NLL, and the solid red curves are at
NNLL order. For each of the LL, NLL, and NNLL results we show three curves with µΓ = 3.3, 5.0, 7.5 GeV respectively. Other
parameters are discussed in the text.
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FIG. 4: Peak position Mpeak
t of the jet function versus µΓ. Short-dashed results are at LL order, long-dashed are at NLL

order, and solid are at NNLL order. Results are labeled for the pole mass-scheme (blue) and jet mass-scheme (red).

residual µΓ dependence is smaller in the jet-scheme than in the pole-scheme. The numerical size of the residual µΓ

scale dependence varies region by region. In the pole-mass scheme the scale dependence in the slope before the peak
is ∼ 17% at NLL and ∼ 14% at NNLL, while the maximum variation near the peak is 23% at NLL and 17% at
NNLL, and then in the tail region well above the peak it is ∼ 19% at NLL and ∼ 13% at NNLL. Hence, in the pole
scheme including the NNLL results does not significantly decrease the µΓ dependence. In the jet-mass scheme the
scale dependence in the slope before the peak is ∼ 6% at NLL and ∼ 2% at NNLL, while the maximum variation
near the peak is 14% at NLL and 7% at NNLL, and then in the tail above the peak it is ∼ 12% at NLL and ∼ 5%
at NNLL. Thus, in the jet-mass scheme the µΓ dependence is reduced by a factor of two or more. The same level of
improvement is observed for different values of the scheme parameter R than the value used in our analysis.

In Fig. 4 we plot the peak position Mpeak
t of the jet function curves, versus µΓ. This figure displays the convergence

and µΓ dependence of the jet function peak position in more detail than Fig. 3. The stability of the jet function
peak has a direct influence on the peak of the cross-section, and both are very sensitive to the value of the short-
distance top-mass. Hence the peak-position is important to gauge the effect of perturbative corrections for the mass
measurement. We use a wider range for µΓ than that of the curves in Fig. 3, but note that results for µΓ ≤ 3 GeV
upset the hierarchy µΓ/µΛ # 5 and hence can be safely ignored. In the pole-mass scheme we observe that there is
limited sign of convergence for the peak position, although the shifts with µΓ = 5 GeV at each order are still relatively
small being # 230 MeV from LL to NLL order and # 120 MeV from NLL to NNLL order. The lack of convergence

Jain, Scimemi, I.S. Breit-Wigner+logs+αs+α2
s
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eg.  Higgs without Jets

Searches for new physics often require strong cuts (restrictions 
on final states) to reduce background

introduces new 
resolution scales          

µi
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3

s

soft or Glauber

−

+

J

J

Einleitung – Standardmodell Flavor-Physik als Fenster zu neuer Physik Inklusive B-Zerfälle Einblick in SIMBA

Standardmodell (SM) der Teilchenphysik

Beschreibt alle bekannten Elementarteilchen und deren Wechselwirkungen
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µ τ

νe νµ ντ

e

Quark(s) gibt es in sechs “Geschmacksrichtungen” – Flavors

Einzig noch nicht nachgewiesen: Higgs Teilchen H

(erforderlich um Teilchen Masse zu geben)

Frank Tackmann (MIT) Analyse inklusiver B-Zerfälle mit SIMBA 18.10.2010 2 / 26

New Physics Searches with Jets
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Higgs + 0 jets

dominant channel in Tevatron search

15

Higgs boson mass, are assumed.
We choose to use the intersections of piecewise linear interpolations of our observed and expected rate limits in

order to quote ranges of Higgs boson masses that are excluded and that are expected to be excluded. The sensitivities
of our searches to Higgs bosons are smooth functions of the Higgs boson mass and depend most strongly on the
predicted cross sections and the decay branching ratios (the decay H → W+W− is the dominant decay for the
region of highest sensitivity). The mass resolution of the channels is poor due to the presence of two highly energetic
neutrinos in signal events. We therefore use the linear interpolations to extend the results from the 5 GeV/c2 mass
grid investigated to points in between. This procedure yields higher expected and observed interpolated limits than
if the full dependence of the cross section and branching ratio were included as well, since the latter produces limit
curves that are concave upwards. The regions of Higgs boson masses excluded at the 95% C.L. thus obtained are
158 < mH < 175 GeV/c2 and 100 < mH < 109 GeV/c2. The expected exclusion region, given the current sensitivity,
is 156 < mH < 173 GeV/c2. The excluded region obtained by finding the intersections of the linear interpolations of
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FIG. 5: Observed and expected (median, for the background-only hypothesis) 95% C.L. upper limits on the ratios to the SM
cross section, as functions of the Higgs boson mass for the combined CDF and D0 analyses. The limits are expressed as a
multiple of the SM prediction for test masses (every 5 GeV/c2) for which both experiments have performed dedicated searches
in different channels. The points are joined by straight lines for better readability. The bands indicate the 68% and 95%
probability regions where the limits can fluctuate, in the absence of signal. The limits displayed in this figure are obtained with
the Bayesian calculation.

Introduction Exclusive Jet Cross Sections Jet Shapes Summary

Important Example: gg → H → WW

 (GeV)Hm
100 110 120 130 140 150 160 170 180 190 200

s
1-

CL

0.4

0.6

0.8

1

1.2

 (GeV)Hm
100 110 120 130 140 150 160 170 180 190 200

s
1-

CL

0.4

0.6

0.8

1

1.2

95% C.L.

 -1<L> = 5.9 fb

July 19, 2010

Tevatron Run II Preliminary
 Observeds1-CL
 Expecteds1-CL

!1 ±Expected 
!2 ±Expected 

[CDF+DØ (arXiv:1007.4587)]
Number of jets

0 2 4 6
1

10

210

310

410
Data
Bkgd. syst.
Signal
Z+jets
Diboson
W+jets
Multijet
tt

b) -1DØ 5.4 fb

Number of jets
0 2 4 6

1

10

210

310

410

Number of jets
0 2 4 6

1

10

210

310

410

[DØ (arXiv:1001.4481)]

Want pp → H(→ WW ) + 0 jets to eliminate pp → tt̄ → WWbb̄

Typically: Run jet algorithm and veto all events having jets with
p
jet
T > p

cut
T � 20 GeV and |ηjet| < ηcut � 2.5

Tevatron analyses divide data into 0-jet, 1-jet, and ≥ 2-jet samples
Dominant sensitivity from 0-jet sample

⇒ Setting limits requires reliable predictions and theory uncertainties
(Current theory uncertainties may well be underestimated)

Frank Tackmann (MIT) New Approaches to Jet Physics at Colliders 2010-08-26 10 / 23

Strong discovery potential at the LHC for 

Higgs and Jet Vetos Beam Thrust as Jet Veto Cross Section at NNLL+NNLO 0-Jet Higgs Production

Higgs at LHC and Tevatron
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Particle Physics and the Higgs Factorization and SCET Higgs Production Without Jets Future Applications

H → WW vs. tt̄ → WWbb̄
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⇒ Veto events with central jets and look for pp → H + 0 jets

Frank Tackmann (MIT) Finding the Higgs: New Tools for Accurate Predictions 2010-12-07 15 / 25
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H → WW vs. tt̄ → WWbb̄
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gg → H → WW → �ν̄�̄ν
� Strong discovery potential at the LHC for mH � 130GeV

Dominant channel in Tevatron exclusion
� Large ∼ 20 − 40 : 1 background from tt̄ → WWbb̄

1 / 17

mH � 130 GeV•

•
pp̄→ H →WW → µ

+
νµe

−
ν̄e

pp→ H →WW → µ
+
νµe

−
ν̄e
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pp̄→ Higgs + 0 jetsWant to remove pp̄→ tt̄→WWbb̄

Jet b Jet a

Soft

Soft

b-jet

Pa Pb

W +

W −
b-jetW −

Soft

Soft

W +

Jet b Jet a

p p

At LHC the top background is 
>40 times the Higgs signal,
prior to vetoing central jets.

zero central jets
(only two forward jets)

Jet Veto cut 
gives large logs:

σ(T cut) = 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 + . . .

SCET allows higher precision
calculations.
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To carry out more precise calculations we use an event shape variable for 
the jet veto. Beam Thrust 

TB =
�

k

|�pkT |e−|ηk| =
�

k

(Ek − |pz
k|) ≤ T cut

Factorization Theorem involves initial state jets (Beam functions):

IS, Tackmann, Waalewijn

W −

Soft

Soft

W +

Jet b Jet a

p p

Bi(t, x) =
�

dξ Iij(t, x/ξ) fj(ξ)

σ(T cut) =
�

ij

Hij

�
Bi(ta, xa)Bj(tb, xb)⊗ SB

Fleming, Leibovich, Mehen
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Introduction Exclusive Jet Cross Sections Jet Shapes Summary

Beam Thrust Cross Section for Higgs Production
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gg → H production cross section for mH = 165 GeV [using MSTW2008 PDFs]

Cross section peaked at small T cm
B

where resummation is important

Perturbative uncertainties from envelope of µH , µB, µS variation

Incoming gluons radiate a lot

Can still be improved by going to N3LL

(many pieces already known, missing ones are feasible)

Frank Tackmann (MIT) New Approaches to Jet Physics at Colliders 2010-08-26 13 / 23
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Figure 14: Comparison of the NNLL+NNLO prediction for the integrated beam thrust spectrum
to the fixed NNLO result (with µ = mH/2 as the central value) for the Tevatron. The bands show
the perturbative scale uncertainties as explained in the text. The left plot shows the cumulant cross
section. The right plot shows the same information as percent difference relative to the NNLL+NNLO
central value. new plots
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Figure 15: Same as Fig. 14 but for the LHC with Ecm = 7TeV. new plots

0.6mH < Tcm < mH is a N3LO effect.6

In Fig. 12 we see that below 35GeV the fixed-order results start to differ from the

resummed results. We now zoom into this region and compare our best results, including π2

resummation, with the best fixed-order predictions at µ = mH/2. In Fig. 13 we show results

for the Higgs production cross section differential in Tcm, for the Tevatron (left panel) and the

LHC at Ecm = 7TeV (right panel). The NNLO cross section diverges as Tcm → 0, but this

divergence is regulated by the resummation. The corresponding cumulant plots are shown in

6To see what causes this difference we can take a closer look at Eq. (2.48). The σδ and σδ|NNLO cancel each

other for Tcm ≥ 0.6mH , and σs,NNLL = σs,NLO for Tcm ≥ 0.6mH . However σs,NNLL|NNLO = σs,NLO only at

Tcm = mH because the scales used in σs,NNLL|NNLO are µB =
√
TcmmH and µS = Tcm rather than the profile

scales. Thus only at Tcm = mH do all the other terms on the righthand side of Eq. (2.48) cancel to leave us

with σNNLO. Since the difference comes from scale setting at NNLO it is a N3LO effect.

– 29 –

• logs are large

• two orders of summation 
beyond LL shower programs

• NNLO underestimates size of 
errors by factor of two

TB

T cut

• theory error bands from 
varying  µi

Berger, Marcantonini,
IS, Tackmann, Waalewijn

• increased theory errors will 
impact Higgs bound
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Future Jet Applications at LHC

Teppo Jouttenus (MIT)

The shape of jets depends
on the distance measure 
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Qi = Q

2q̂i · pk =
2qi · pk

Q

q̂µ
i ≡

qµ
i

Qi
, TN ≡

�

k

min
i

�
2q̂i · pk

�

14

Qi = |�qiT | for jets
Qa,b = Qe±Y for beams

2 q̂a,b · pk = (1,±ẑ) · pk

2 q̂i · pk = |�pkT | (2 cosh∆ηik − 2 cos∆φik)

≈ |�pkT |
�
(∆ηik)2 + (∆φik)2

�

Monday, March 7, 2011

1) “N-Jettiness” event shape

TN =
�

i=a,b,1,...,N

T i
N

like a sum of jet masses

defines Exclusive N-jet cross sections•

• useful for higher precision calculations of:

Prompt Photons
W/Z + jets, 

dijet production
top jetsH + jets Teppo Jouttenus (MIT)

Observable
Measuring N-jettiness defines exclusive N-jet cross sections

Cross section fully differential in

If we choose      such that

      corresponds to
the invariant mass of jet i
up to power corrections

T i
N = 2q̂i · Pi = 2P+

i

Pi =
�

k∈i pk

�ni ·
�Pi/|�Pi| ∼ 1 + O(λ4)

M2
i = P 2

i = QiT
i

N [1 +O(λ2)]

�ni

T i
N

W/Z

qbqa

q1

q2

T a
N

T b
N

T 1
N

T 2
N

17

dσ

dT a
N dT b

N · · ·dT N
N

=
�

dxadxb

�
dPS

×
�

κ

�
dta Bκa(ta, xa)

�
dtb Bκb(tb, xb)

N�

J=1

�
dsJ JκJ (sJ)

× �Cκ†
N

�Sκ
N

�
T a

N −
ta
Qa

, T b
N −

tb
Qb

, T 1
N −

s1

Q1
, . . . , T N

N − sN

QN
, {q̂i}

�
�Cκ

N

Monday, March 7, 2011

IS, Jouttenus, Tackmann, Waalewijn

Thaler, van Tilburg
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2) Probing Jet Substructure

eg.  boosted Higgs
H → bb̄pp→ ZH,

Butterworth, Davison, Rubin, Salam

H

eg.  tagging boosted tops 
t→Wb→ 3 jets t

Kaplan, Rehermann, Schwartz, Tweedie

(Important for identifying KK graviton decays in Randall-Sundrum models)

SCET provides tools for rigorous calculations of 
jet substructure properties

•
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More SCET work

• generalization to pT dependent beam functions Mantry & Petriello

• other event shapes in e+e- Hornig, Lee, Ovanesyan
Schwartz, Yang-Ting

• applications of SCET to parton showers 
(LL and beyond)

Bauer, Schwartz
Baumgart, Marcantonini, IS

• Inclusive B Meson Decays & Rare CP violating decays (many authors)

• SCET for jets in medium Idilbi, Majumder
D’Eramo, Hong, Rajagopal, 

• Resummation of Electroweak Sudakov Logs Chiu, Fuhrer, Kelley, Manohar

•

• . . .

J/Ψ and Υ production and decays Fleming, Leibovich, Mehen
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• The Soft-Collinear Effective Theory provides a powerful formalism 
for deriving factorization theorems and analyzing processes with Jets

Summary & Outlook

Top Jets • For                           SCET directly relates the measured
jet invariant mass to the top-quark mass parameter. 
Can be extended to high        top jets at the LHC

e+e− → tt̄X

pT

Higgs • Experimental cuts on jets can significantly modify 
expectations.  Rigorous predictions are possible.

A new frontier for calculations!

• SCET has finally provided theorists with a means to 
catch up to the experimental precision of LEP

Similar computations 
can be carried out for 
other event shapes

35
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FIG. 20: Comparison of selected determinations of αs(mZ) defined in the MS scheme.

Here the respective total 1-sigma errors are shown. The
results with individual 1-sigma errors quoted separately
for the different sources of uncertainties are given in
Eq. (68). Neglecting the nonperturbative effects incor-
porated in the soft function, and in particular Ω1, from
the fits gives αs(mZ) = 0.1241 which exceeds the result
in Eq. (70) by 9%. This is consistent with a simple scal-
ing argument one can derive from experimental data, see
Eq. (3) in Sec. I.
Analyses of event shapes with a simultaneous fit of

αs and a power correction have been carried out earlier
with the effective coupling model. Davison and Web-
ber [23] analyzed the thrust distribution and determined
αs(mZ) = 0.1164 ± 0.0028 also using O(α3

s) fixed-order
input, but implementing the summation of logarithms
only at NLL order (for further discussion see Sec. IX).
Recently Gehrmann et al. [95] analyzed moments of dif-
ferent event shape distributions, also with the effective
coupling model, and obtained αs(mZ) = 0.1153± 0.0029
using fixed-order perturbation theory at O(α3

s). Both
analyses neglected bottom mass and QED corrections.
Our result in Eq. (70) is compatible with these analyses
at 1-sigma, but has smaller uncertainties.
These results and our result for αs(mZ) in Eq. (70)

are substantially smaller than the results of event shape
analyses employing input from Monte Carlo generators
to determine nonperturbative effects. We emphasize that
using parton-to-hadron level transfer matrices obtained
from Monte Carlo generators to incorporate nonpertur-
bative effects is not compatible with a high-order theo-
retical analysis such as ours, and thus analyses relying on
such Monte Carlo input contain systematic errors in the
determination of αs from thrust data. The small effect
of hadronization corrections on thrust observed in Monte
Carlo generators at Q = mZ and the corresponding small
shift in αs(mZ) do not agree with the 9% shift we have
obtained from our fits as mentioned above. For the rea-
sons discussed earlier, we believe Monte Carlo should not

be used for hadronization uncertainties in higher order
analyses.
Although our theoretical approach represents the most

complete treatment of thrust at this time, and all sources
of uncertainties known to us have been incorporated in
our error budget, there are a number of theoretical is-
sues related to subleading contributions that deserve fur-
ther investigation. These issues include (i) the summa-
tion of logarithms for the nonsingular partonic cross sec-
tion, (ii) the structure of the O(αsΛQCD/Q) power cor-
rections, (iii) analytic perturbative computations of the
O(α2

s) and O(α3
s) nonlogarithmic coefficients s2 and s3

in the partonic soft function, the O(α3
s) nonlogarithmic

coefficient j3 in the partonic jet function, and the 4-loop
QCD cusp anomalous dimension Γcusp

3 . Concerning is-
sue (i) we have incorporated in our analysis the non-
singular contributions in fixed-order perturbation theory
and estimated the uncertainty related to the higher order
logarithms through the usual renormalization scale vari-
ation. Further theoretical work is needed to derive the
renormalization group structure of subleading jet, soft,
and hard functions in the nonsingular contributions and
to use these results to sum the corresponding logarithms.
Concerning issue (ii) we have shown that our theoretical
description for the thrust distribution contains a remain-
ing theoretical uncertainty from nonperturbative effects
of order O(αsΛQCD/Q). Parametrically, this uncertainty
is substantially smaller than the perturbative error of
about 1.7% for the thrust distribution in the tail region
at LEP-I energies that is contained in our best theory
code. Furthermore, our predictions in the far-tail region
at Q = mZ appear to indicate that the dominant cor-
rections of this order are already captured in our setup.
Nevertheless a systematic analysis of these subleading ef-
fects is certainly warranted.
Apart from investigating these theoretical issues, it is

also warranted to apply the high-precision approach us-
ing soft-collinear effective theory to other event shape

αs(mZ)
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Thanks!
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