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The LHC

The LHC gives us the opportunity to look at particle processes with

energy scales ≈ 1 − 2TeV with high statistics

maximum of energy ≈ 14TeV

We would like to find

the Higgs boson

evidences for new physics e.g.

SUSY particles → Supersymmetry
anomalous triple/quartic gauge-boson couplings
→ SU(2) × U(1)?
Kaluza-Klein states → Extra dimensions
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The LHC

The LHC gives us the opportunity to look at particle processes with

energy scales ≈ 1 − 2TeV with high statistics

maximum of energy ≈ 14TeV

We would like to find

the Higgs boson

evidences for new physics e.g.

SUSY particles → Supersymmetry
anomalous triple/quartic gauge-boson couplings
→ SU(2) × U(1)?
Kaluza-Klein states → Extra dimensions

a lot of particles we already know

more “Higgses” and of course at least one of these guys!
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Processes at a hadron machine

The Parton Model:

Proton

Proton

q1

q2

X1

X2

f3

f4

f5

f6

(γ)

The cross section is calculated assuming a hard scattering process
of the partons q1 and q2.
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Collisions of protons

The parton model in a formula:

Cross sections for pp → 4f (+γ):

dσq1q2 =

∫ 1

0
dx1

∫ 1

0
dx2 Φq1(x1,Q)Φq2(x2,Q)dσ̂q1q2(x1, x2)

where

Φq(x ,Q) - parton density functions

σ̂q1q2 - differential cross section of the underlying
hard scattering process
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Inclusion of radiative corrections

Corrections from different parts of the theory

QCD → corrections in O(αs) and O(α2
s )

QED → corrections in O(α)

EW → corrections in O( α

s2
w

)

Hierarchy of the different corrections:

QCD ∼ αs ≈ 0.1 or ∼ α2
s ≈ 0.01

QED ∼ α ≈ 0.01

EW ∼ α/s2
w ≈ 0.035

The most important corrections to hadronic processes
arise from QCD
(see e.g. Dixon, Kunszt, Signer in Phys.Rev.D60:114037,1999)
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Properties of different corrections

In QCD and QED we have to sum the real and virtual corrections!
⇒ Cancellations of IR singularities between virtual and real
corrections

In the electroweak theory we have massive gauge bosons with
MZ ≈ 91 GeV and MW ≈ 80 GeV.
⇒ No ’soft’ or ’collinear’ divergences due to massive gauge bosons!
⇒ Emission of real Z or W can be experimentally separated
⇒ Mass singular virtual corrections due to Z and W are not

cancelled by the corresponding real corrections
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Properties of different corrections

In QCD and QED we have to sum the real and virtual corrections!
⇒ Cancellations of IR singularities between virtual and real
corrections

In the electroweak theory we have massive gauge bosons with
MZ ≈ 91 GeV and MW ≈ 80 GeV.
⇒ No ’soft’ or ’collinear’ divergences due to massive gauge bosons!
⇒ Emission of real Z or W can be experimentally separated
⇒ Mass singular virtual corrections due to Z and W are not

cancelled by the corresponding real corrections
⇒ Large logarithms at high energy scales:

EW correction terms ∼ α log
(

M2
W

s

)

and ∼ α log2
(

M2
W

s

)
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EW Logarithms
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Electroweak correction terms may get large for
√

s > 0.5 TeV!
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Leading logarithmic corrections

In the high energy processes we find

intermediate masses MV of the massive gauge bosons

large kinematic invariants s = (pi + pj)
2 and t = (pi − pj)

2

small masses mf of the external fermions

Definition of leading logarithmic corrections

We use

that all invariants s, t � M2
Z ≈ M2

W � m2
f � λ2

mf → 0 for all fermions exept of the top quark

in dimensional regularization µ2 = s = (p1 + p2)
2

⇒ We only keep terms including α log2 s
M2

W

and α log s
M2

W
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Leading logarithmic corrections

The leading logarithmic corrections have been investigated for a
long time by many different working groups

Kühn et al.

Ciafaloni, Comelli

Fadin, Khoze, Melles

Beenakker, Werthenbach

Denner, Pozzorini
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Leading logarithmic corrections

Approximation of loop integrals / eikonal approximation

J = −i(4π)2µ4−D ×
∫

dDq

(2π)D
N(q)

D0D1D2

with q → 0 and Mϕ → 0 in the numerator N(q)

D0 = q2 − M2
a + iε

D1 = (q − pi)
2 − M2

ϕ
′
i
+ iε

D2 = (q + pj)
2 − M2

ϕ
′
j
+ iε

ϕi

ϕj

ϕaM(ϕ′

i, ϕ
′

j)
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Leading logarithmic corrections

Approximation of loop integrals / eikonal approximation

Jeik =
Neik(0)

(pi + pj)2

{
1

2
log2

(−(pi + pj)
2 − iε

M2
ϕa

− iε

)

+IC (p2
i ,Mϕa ,Mϕ

′
i
) + IC (p2

j ,Mϕa ,Mϕ
′
j
)

}

with

IC (p2,M0,M1) = −
∫ 1

0

dx

x
log

(

1 +
M2

1 − M2
0 − p2

M2
0 − iε

x +
p2

M2
0 − iε

x2

)

Denner, Roth
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Generic form of the corrections

The virtual leading logarithmic corrections have the general form:

δMϕ1 ...ϕn({Ci}, p1, . . . , pn) =
∑

ϕ
′
1...ϕ

′
n

δϕ1 ...ϕn

ϕ
′
1...ϕ

′
n
Mϕ

′
1...ϕ

′
n

0 ({Ci}, p1, . . . , pn)

+
∑

Ci

δCi
∂Mϕ1...ϕn

0

∂Ci

({Ci}, p1, . . . , pn)
︸ ︷︷ ︸

Parameter Renormalization δPR

For δϕ1...ϕn

ϕ
′
1...ϕ

′
n

we distinguish the terms

δLSC Leading Soft Collinear mass singularities

δSSC Subleading Soft Collinear contributions

δC Collinear logarithms and corrections to the wave functions
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Formulas for the leading electroweak radiative corrections

The other correction factors have similar forms!

δLSC ∝ log2

requires M0 with 1 replaced particle (A ↔ Z )

δSSC ∝ log

angular dependent
requires M0 with 2 replaced particles
(A ↔ Z ), (W± ↔ A, Z ), (Z L ↔ H), (u ↔ d), etc.

δC ∝ log

include mixing of A and Z

δPR ∝ log

from renormalization of e and cw

requires exchange of couplings by counterterm couplings

Andreas Kaiser Radiative Corrections in High-Energy Physics



High Energy Physics
Leading Logarithmic Corrections

Gauge-Boson Pair Production
Results

Conclusions

Origin
Generic Form

Formulas for the leading electroweak radiative corrections

The other correction factors have similar forms!

δLSC ∝ log2 with log(s/M2
W) and log(M2/λ2)

requires M0 with 1 replaced particle (A ↔ Z )

δSSC ∝ log with log(s/M2
W) log(|t|/s), log(M2/λ2) log(|t|/s)

angular dependent
requires M0 with 2 replaced particles
(A ↔ Z ), (W± ↔ A, Z ), (Z L ↔ H), (u ↔ d), etc.

δC ∝ log with log(s/M2
W) and log(M2

W/λ2) or log(M2
W/m2

f )

include mixing of A and Z

δPR ∝ log with log(s/M2
W) and log(M2

W/λ2) or log(M2
W/m2

f )

from renormalization of e and cw

requires exchange of couplings by counterterm couplings
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The other correction factors have similar forms!
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requires M0 with 1 replaced particle (A ↔ Z )

δSSC ∝ log with log(s/M2
W) log(|t|/s), log(M2/λ2) log(|t|/s)

angular dependent
requires M0 with 2 replaced particles
(A ↔ Z ), (W± ↔ A, Z ), (Z L ↔ H), (u ↔ d), etc.

δC ∝ log with log(s/M2
W) and log(M2

W/λ2) or log(M2
W/m2

f )

include mixing of A and Z

δPR ∝ log with log(s/M2
W), and log(M2

W/λ2) or log(M2
W/m2

f )

from renormalization of e and cw

requires exchange of couplings by counterterm couplings
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Formulas for the leading electroweak radiative corrections

The generic form of these corrections has been calculated by
Ansgar Denner and Stefano Pozzorini

Example of the leading soft-collinear corrections:

For an arbitrary process involving n external particles ϕ1, . . . , ϕn

we find:

δLSCMϕ1...ϕn =

n∑

k=1

∑

ϕ
′
k

δLSC
ϕ
′
k
ϕk
Mϕ1...ϕ

′
k
...ϕn

0

with δLSC
ϕ
′
k
ϕk

∝ δϕ
′
k
ϕk

for all particles except of the γ and the Z
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Formulas for the leading electroweak radiative corrections

Explicit form of the correction factor:

δLSC
ϕ
′
k
ϕk

= − α

8π
C ew

ϕ
′
k
ϕk

log2

(
s

M2
W

)

+δϕ
′
k
ϕk

{

α

4π
(IZ )2

ϕk
log

(
s

M2
W

)

log

(
M2

Z

M2
W

)

− 1

2
Q2

ϕk
Lem(s, λ2,M2

ϕk
)

}

with the electromagnetic logarithms given by

Lem(s, λ2,M2
ϕ
) :=

α

4π

{

2 log

(
s

M2
W

)

log

(
M2

W

λ2

)

+ log2

(
M2

W

λ2

)

− log2

(

M2
ϕ

λ2

)}
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Gauge-Boson pair production

Proton

Proton

q̄1

q2

X1

X2

f3

f̄4

f5

f̄6

V1

V2

The signature for gauge-boson pair production processes

in total 4 fermions in the final state

two fermion pairs which form massive gauge bosons
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Our approach

We want to achieve an overall precision of ≈ 5% for our prediction

We have to calculate

a complicated phase-space integral (8 and 11 dimensions)

a convolution over structure functions (2 more dimensions)

the virtual QED and EW radiative corrections

the real QED corrections

the MS renormalisation of the PDFs

Our solution:

A multi-channel Monte Carlo program for the integration

the use of high-energy approximation (∆ ∼ O( α

π
const) <∼ 5%)

and double pole approximations (∆ ∼ O(α

π

ΓV

MV
) <∼ 1% )
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Double pole approximation

Proton

Proton

q̄1

q2

X1

X2

f3

f̄4

f5

f̄6

V1

V2

In DPA one divides the process into

gauge-boson production
gauge-boson decay

Aeppli, v. Oldenborgh, Wyler

Beenakker, Berends, Chapovsky

Denner, Dittmaier, Roth, Wackeroth
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Double pole approximation

Proton

Proton

q̄1

q2

X1

X2

f3

f̄4

f5

f̄6

V1

V2

We have to calculate radiative corrections to

gauge-boson production
gauge-boson decay
the non-factorizable parts

Aeppli, v. Oldenborgh, Wyler

Beenakker, Berends, Chapovsky

Denner, Dittmaier, Roth, Wackeroth
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The virtual corrections

δMNLO
virt = δMDPA

production + δMDPA
decay + δMDPA

non−fac

with the production subcontribution given by

δMDPA
production =

∑

τ1,τ2

δMf1f2→V
τ1
1 V

τ2
2

PV1
PV2

×MV
τ1
1 →f3 f̄4

MV
τ2
2 →f5 f̄6

where

δMf1f2→V
τ1
1 V

τ2
2

= δLSCMf1f2→V
τ1
1 V

τ2
2

+ δSSCMf1f2→V
τ1
1 V

τ2
2

+ δCMf1f2→V
τ1
1 V

τ2
2

+ δPRMf1f2→V
τ1
1 V

τ2
2
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Virtual corrections

The decay subcontributions

δMDPA
decay =

∑

τ1,τ2

Mf1f2→V
τ1
1 V

τ2
2

PV1
PV2

×
(

δMV
τ1
1 →f3 f̄4

MV
τ2
2 →f5 f̄6

+ MV
τ1
1 →f3 f̄4

δMV
τ2
2 →f5 f̄6

)

with

δMV τ→fi f̄j
= δV→fi f̄j

MV τ→fi f̄j

and simple correction factors δV→fi f̄j
for Z and W bosons.
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Virtual corrections

The non-factorizable subcontribution is

δMDPA
non−fac =

1

2
δnon−facMDPA

Born
Beenakker, Berends, Chapovsky

Denner, Dittmaier, Rothwith

δnon−fac =
α

π

(

−
4∑

i=3

6∑

j=5

QiQjθd(i)θd (j)Re{∆1(k1, pi , k2, pj)}

+

2∑

n=1

4∑

i=3

QnQiθd(n)θd (i)Re{∆2(pn, k1, pi )}

+

2∑

n=1

6∑

j=5

QnQjθd (n)θd (j)Re{∆2(pn, k2, pj )}
)

and two functions ∆1(k1, pi , k2, pj) and ∆2(pn, k1, pi ).
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Real corrections / Matching of infrared divergences

The real corrections consist of the cross section for the emission of
one additional photon.

The full process for pp → 4f + γ was calculated

The infrared divergent part of the virtual corrections was
subtracted using DPA:

σvirt,finite =

∫

ΦDPA
4

(
dσvirt − δIR dσDPA

Born

)

It was added to the real cross section using the full Born

σ′
real =

∫

Φ5

dσreal +

∫

Φ4

δIR dσBorn

⇒ The infrared divergences cancel !
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Double pole / High energy approximation

Advantages of the DPA / High energy approximation:

Reduction of the number of Feynman diagrams
Superior to a simple production × decay approach
All loop integrals can be calculated in this approximation
State of the art for many-particle final states
Generic corrections for all final states

Disadvantages of the DPA / High energy approximation

Missing ’non-logarithmic’ terms in the radiative corrections
Uncertainties because of the on-shell projection
Approximation is not valid in all regions of the phase space
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Construction of matrix elements

Two fundamental topologies exist:

i1

i2

i3

i4

i5

i6(a)

i1

i2

i3

i4

i5

i6(b)

Ma,V1,V2(i1, i2, i3, i4, i5, i6) Mb,V3(i1, i2, i3, i4, i5, i6)

All Feynman diagrams can be written as a permutation of the
external legs in the topologies (a) or (b).

RacoonWW
Denner, Dittmaier, Roth, Wackeroth
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Construction of matrix elements

The case of Nquarks ≤ 2 is particularly easy:

|MBorn|2 =
1

4

Ncolour

NavNperm

∑

spins
∣
∣
∣
∣
∣

∑

{i1,i3,i5}

∑

{i2,i4,i6}

[
∑

V1=W±,Z ,γ

∑

V2=W±,Z ,γ

Ma,V1,V2(i1, i2, i3, i4, i5, i6)

+
∑

V3=Z ,γ

Mb,V3(i1, i2, i3, i4, i5, i6)

]∣
∣
∣
∣
∣

2

where {i1, i3, i5} are permutations of ’incoming’ fermions and
{i2, i4, i6} are permutations of ’outgoing’ fermions
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Construction of matrix elements

The computer program

constructs all Born matrix elements by trying all combinations
of {i1, i3, i5} and {i2, i4, i6}
stays aware of the colour structure
(they can be distinguished by the sign of the permutations)

calculates all matrix elements for gauge-boson production
(Mfi fj→W+W−

,Mfi fj→ZW±

,Mfi fj→γW±

,Mfi fj→HW±

, etc.)

calculates all matrix elements for gauge-boson decays
(MW+→fi fj ,MZ→fi fj )

computes the proper correction factors
in the leading-log approximation

does a multi-channel Monte Carlo integration in
∫

Φ4
and

∫

Φ5
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Numerical results

Numerical results use the following setup:

Cuts to separate particles from the beam
(e.g. pT (l) > 20 GeV)

Reconstruction of gauge bosons
(MZ ± 20 GeV)

Recombination for collinear photons
(γf → f̃ ⇒ pf̃ = pf + pγ )

Minimal invariant mass for charged leptons in the final state
(Minv > 500 GeV)
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Production of WZ pairs

pp → lνl l
′̄l ′

M(ll ′̄l ′) σBorn σEW ∆ 1/
√

2LσBorn

[GeV] [fb] [fb] [%] [%]

500 1.729 1.601 -7.4 5.4

600 0.899 0.814 -9.5 7.5

700 0.508 0.452 -10.9 9.9

800 0.304 0.264 -13.3 12.8

900 0.190 0.161 -15.1 16.2

1000 0.123 0.102 -16.7 20.2
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Production of ZZ pairs

pp → l l̄ l ′̄l ′

Mcut
inv (l l̄ l ′l̄ ′) σBorn σEW ∆ 1/

√
2LσBorn

[GeV] [fb] [fb] [%] [%]

500 0.692 0.588 -15.0 8.5

600 0.356 0.291 -18.3 11.9

700 0.203 0.160 -21.0 15.7

800 0.123 0.094 -23.8 20.1

900 0.078 0.058 -26.1 25.3

1000 0.051 0.037 -28.1 31.2
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Production of W+W− pairs

pp → l ν̄l l̄ ′νl ′

Mcut
inv (l l̄ ′) σBorn σEW ∆ 1/

√
2LσBorn

[GeV] [fb] [fb] [%] [%]

500 7.235 6.235 -13.8 2.6

600 3.723 3.131 -15.9 3.7

700 2.059 1.688 -18.1 4.9

800 1.201 0.959 -20.2 6.5

900 0.731 0.570 -22.0 8.3

1000 0.460 0.352 -23.4 10.4
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pp → W+W− → νee
+
µ
−
ν̄µ

Distributions in tranverse momentum
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Conclusions

Our results show that

EW corrections can reach magnitudes up to 30%.
We found corrections of WZ : 7 - 22%

ZZ : 15 - 28%
WW : 14 - 24%

(see hep-ph/0409247)

The effects get visible in physically interesting observables

EW should be taken into account in the analysis of the data
at the LHC
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