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Precision Collider Physics

High energy collider processes provide our most direct
look at short-distance physics and — we hope —
new physics beyond the Standard Model:

Hadron colliders, Tevatron and LHC, over next decade
e+e− linear collider thereafter (?)

If new physics is subtle, we will need the best possible
predictions of SM backgrounds.

Most collider physics involves partonic interactions —
even at an e+e− collider, most events are hadronic.

Advances in perturbative QCD pave way for
more precise predictions of SM backgrounds to
new physics.
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Precision physics at the LHC

Enormous amount of high quality data will become
available

One year at low luminosity ⇒
∫

Ldt = 10 fb−1 ⇒
W → eν: 108 events
Z → e+e−: 107 events
tt̄: 107 events
Higgs (mH = 700 GeV): 104 events
Jets with pT > 200 GeV: 109 events Gianotti, Altarelli

Statistical errors < 1%. Measurements limited by
experimental systematics, theoretical uncertainties.
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Status of perturbative QCD for colliders

Many collider cross sections are now known at
next-to-leading order (NLO) in perturbation theory.

However, LO → NLO corrections can be 30–100%.

⇒ Precise predictions demand calculation at
next-to-next-to-leading order (NNLO).

Few collider cross sections are available yet at NNLO:
pp→ (W, Z, γ∗, H) + X total cross sections
e+e− → light hadrons, or e+e− → tt̄ total cross sections
deep inelastic scattering (DIS) & sum rules

What do they have in common?
1. “totally inclusive” — simple final state definition
2. few scales involved
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Status of pQCD for colliders (cont.)

Experiments require NNLO precision for
more differential, less inclusive distributions.

This is true for a variety of processes,
as we’ll see in the following examples.
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Example: W mass measurement

LHC goal:
∆MW = 15 MeV, so ∆MW isn’t dominant in EW fits.
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W mass measurement (cont.)

Understanding detector MT distribution in turn requires
understanding transverse momentum pW

T

and rapidity Y W = 1
2 ln(E+pz

E−pz

) distributions:

pW
T distribution needed to predict p`

T , pν
T

Y W distribution affects lepton acceptance

To bring error from each source below 10 MeV,
few % precision needed for each distribution
⇒ NNLO QCD required.
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Example: Constraining parton distributions

All hadron collider predictions depend on parton
distribution functions inside the proton (pdfs).
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Parton distributions (cont.)

Valence quark distributions u(x), d(x) fairly well known
from DIS, also gluons g(x) at small x.

Strange, charm, bottom, and large x gluons g(x) and
anti-quarks ū(x), d̄(x) not so well known.

ū(x), d̄(x) enter Drell-Yan production in fixed-target
experiments, W, Z, `+`− production at LHC.

Large x gluons strongly affect high pT jet production.

Small x gluons are huge at large Q2 ⇒ LHC is a gluon
factory. Important for Higgs production, gg → H.

Ideally, perform global fit to data with NNLO cross
sections and NNLO evolution in Q2.
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anti-quarks ū(x), d̄(x) not so well known.

ū(x), d̄(x) enter Drell-Yan production in fixed-target
experiments, W, Z, `+`− production at LHC.

Large x gluons strongly affect high pT jet production.

Small x gluons are huge at large Q2 ⇒ LHC is a gluon
factory. Important for Higgs production, gg → H.

Ideally, perform global fit to data with NNLO cross
sections and NNLO evolution in Q2.

Lecture 1: Multi-loop Techniques in Field Theory – p.10/28



Parton distributions (cont.)

Valence quark distributions u(x), d(x) fairly well known
from DIS, also gluons g(x) at small x.

Strange, charm, bottom, and large x gluons g(x) and
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Parton distributions (cont.)

However:

Parton evolution not yet known at NNLO,
except for Nf terms Moch, Vermaseren, Vogt

But an approximate NNLO form exists van Neerven, Vogt

Besides DIS Zijlstra, van Neerven

and very recent Drell-Yan rapidity distribution Anastasiou et al.

no other hard cross sections known at NNLO yet either.

When LHC W, Z rapidity distributions are known at
NNLO, data should allow a few % measurement of pdfs
— “partonic luminosity monitor” Dittmar, Pauss, Zuercher
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Parton distributions (cont.)

At LO, pp → W+X directly measures u(x1)d̄(x2),
where M2

W = sx1x2, Y W = ln(x1/x2)/2.
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Experimental error for each bin is 1%,
for a mere 0.1, 1 fb−1!
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Example: Jets at hadron colliders

Parton-parton scattering, qq̄ → qq̄, qq̄ → gg, gg → gg, etc.,
produces high-ET jets at hadron colliders.

Because αs > αEW , jet rates are large, and give access
to the shortest distance scales.

However:
a jet is a complicated object, compared with a lepton
⇒ jet energy (pT ) scale hard to determine precisely
(3% at Tevatron → 1% at LHC)
jet pT distributions are steeply falling, so a small
energy error can produce a big cross section error
cross sections also depend on large x pdfs,
especially g(x).
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Jets at hadron colliders (cont.)

Jets at Tevatron fit NLO theory pretty well
over many orders of magnitude in cross section:
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Jets at hadron colliders (cont.)

Reported excess at high ET
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Can be removed by increasing large x gluons.
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Jets at hadron colliders (cont.)

For the future (LHC):

δσexp
CDF = 2%(stat) + 10%(syst) ⇒ δσexp

ATLAS = 1%(stat) + 5%(syst)

NNLO required to match this precision theoretically

δσth
NLO = 15%(intrinsic) ⇒ δσexp

NNLO = (3 − 4)%(intrinsic)
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Example: Jets at e
+

e
− colliders

Experimentally clean; well-defined initial state (no pdfs)

Run  12637,    EVENT   6353                                                     
 8-JUL-1992 10:14                                                               
Source: Run Data    Pol: L                                                      
Trigger: Energy Hadron                                                          
Beam Crossing    1964415082                                                     

SLD

every particle “belongs to a jet” (no underlying event)

⇒ R3−jet ≡ σ3−jet/σhad is ideal for measuring αs
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Jets at e
+

e
− colliders (cont.)

Unfortunately, limited by NLO theoretical uncertainty:
δαth

s ≈ 0.007 � δαexp
s at

√
s = MZ .

In fact, many different “event shape” measures of αs(MZ)

give inconsistent results when fit to NLO predictions:
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Jets at e
+

e
− colliders (cont.)

For the future (linear collider):

High luminosity ⇒ plenty of statistics

Larger
√

s ⇒ nonperturbative corrections smaller
(∝ ΛQCD/

√
s)

Events are not quite as clean as at MZ , but can:
use e−R to suppress W+W− background Schumm

anti-b tag to suppress tt̄ background Burrows

A high precision αs measurement would
improve tests of coupling constant unification in GUTs
provide important input into other physics, e.g.
precise extraction of mt from e+e− → tt̄ threshold scan
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Example: Higgs production at LHC

The Higgs boson is probably light

Precison electroweak data favor mH < 195 GeV LEP
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Higgs production (cont.)

At the LHC, a light Higgs boson can be produced and
detected in a number of channels.

Typical anticipated experimental accuracies are ∼ 10%.

Zeppenfeld
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Higgs production (cont.)

⇒ Need theoretical prediction for production
cross section to ∼ 10% also.

For largest production channel, gluon fusion, gg → H,
NLO corrections are huge, ∼ 80% Dawson; Djouadi, Spira, Zerwas

This necessitated the recent computation of the NNLO
corrections to the total cross section; Catani, De Florian, Grazzini

now understood at ∼ 15 − 20% level Harlander, Kilgore

Anastasiou, Melnikov

NNLO corrections to Y H distribution would be useful.

Higher-order corrections to certain background
processes, e.g. pp → γγX, of interest too.
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A few more examples

Heavy quark production (bb̄ and tt̄) at hadron colliders.
reported bb̄ “excess” at Tevatron CDF; D0

— but see also Cacciari & Nason
tt̄ production provides best look at top quark
prior to a linear collider

Hadronic production of W+jets, WZ and WW pairs.
Important backgrounds to Tevatron Higgs search,
supersymmetry.

NNLO QED corrections to Bhabha scattering,
e+e− → e+e−

Precision luminosity monitor at a linear collider
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Uncertainty estimation

An observable A(αs) in QCD should not depend on the
renormalization scale µR, but in fact it does, due to
truncation error. Suppose

A(αs) =
N

∑

i=0

Ai(µR)

(

αs

2π

)n+i

⇒ ∂A(αs)

∂ ln(µ2
R)

= O(αn+N+1
s )

Using the β function,

∂

∂ ln(µ2
R)

αs(µR)

2π
=

β(αs)

2π
= −b0

(

αs

2π

)2

− b1

(

αs

2π

)3

− · · ·

can predict the µR dependence of Ai(µR).
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Uncertainty estimation (cont.)

Find

A0(µR) = A0

A1(µR) = A1 + nb0ln(µ2
R)A0

A2(µR) = A2 + (n + 1)b0ln(µ2
R)A1

+

[

n(n + 1)

2
b2
0ln

2(µ2
R) + nb1ln(µ2

R)

]

A0

with

b0 =
11CA − 4TRNf

6
b1 =

17C2

A − (10CA + 6CF )TRNf

6

CA = Nc = 3, CF = (Nc
2 − 1)/(2Nc) = 4/3, TR = 1/2
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Uncertainty estimation (cont.)

Thus, can predict µR dependence of NNLO term prior to
calculation, so can get an idea of how much the scale
variation will be reduced. Inclusive jet example:

1 2 3 4 5

µ_R /  E_T 

0

0.2

0.4
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1

dσ
  /

 d
E

_T
 a

t E
_T

=
 1

00
 G

eV

LO
NLO
"NNLO"
"NNLO"+
"NNLO"-

Glover

Scale-independent term A2 cannot be predicted.
Error estimation by scale variation won’t capture new physical
processes, color structures, etc., opening up at next order.
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Uncertainty estimation (cont.)
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Uncertainty estimation (cont.)

For processes with hadrons in initial state, the
factorization scale µF also enters.

µF is arbitrary separation point between scale defining
hadron structure and scale defining hard process.

µF dependence controlled by DGLAP equations,

∂fi(x, µF )

∂ ln(µ2
F )

=
αs

2π

∑

j

∫ 1

x

dξ

ξ
Pij(x/ξ, αs)fj(ξ, µF )

Pij = P
(0)
ij +

αs

2π
P

(1)
ij + · · ·

P
(0)
qq = CF

[

1 + x2

(1 − x)+
+

3

2
δ(1 − x)

]

, · · ·
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Uncertainty estimation (cont.)

For processes with hadrons in initial state, the
factorization scale µF also enters.
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Conclusions

A variety of important collider processes will benefit from
NNLO computations

some in conjunction with resummation of large logs.

Ideally, one would like a NNLO program that can
compute distributions with flexible cuts to mimic the
experimental situation.

Next time we will start to study the ingredients of a
generic NNLO computation.
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