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Motivation

Gauge Bosons at High Transverse Momenta

● relatively large cross sections

● clean experimental signature
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σ(pT > 1TeV) ∼ 10 fb→ 103 evts/year



Motivation

● test of the standard model

● background process for new physics

● luminosity measurement

● gauge gluon pdf`s

up quarks

gluons
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Leading  Order (LO)  Processes

6 channels:
q̄q → V g,

qq̄ → V g,

gq → V q,

qg → V q,

gq̄ → V q̄,

q̄g → V q̄

related by crossing symmetries  ⇒ focus on

Gauge Bosons at High Transverse Momenta

q̄q → V g

V = Z/γ/W

q̄ V

q g

q̄

q V

g

+

IVqλ =
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|Mq̄q→V g
LO |2 ∼
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t̂û
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Gauge Bosons at High Transverse Momenta

LO       -DistributionspT

Markus Schulze, TTP Karlsruhe KET-Workshop, DESY Hamburg 4/16

Z

pT [GeV]

d
σ

L
O

d
p T

[p
b
/G

eV
]

200018001600140012001000800600400200

101

100

10−1

10−2

10−3

10−4

10−5

10−6



Gauge Bosons at High Transverse Momenta

LO       -DistributionspT
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LO       -DistributionspT
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QCD:

Gauge Bosons at High Transverse Momenta

O(αs)

Status  of  Loop  Calculations  for  LHC 

NLO results for direct photon production γ + 1 jet:

using MCFM

various analytic NLO results for Z/W/ + 0, 1 jet:

numerical NLO results for Z/W + 0, 1, 2 jets at LHC & TEV:
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QCD:

Gauge Bosons at High Transverse Momenta

O(αs)

Status  of  Loop  Calculations  for  LHC 

NLO results for direct photon production γ + 1 jet:

using MCFM

weak:
O(α)

[Maina, Moretti, Ross, 2004. +Erratum]

[Kühn, Kulesza, Pozzorini, Schulze, 2004]

[Kühn, Kulesza, Pozzorini, Schulze, 2005]

numerical NLO results for Z/γ + 1 jet:

various analytic NLO results for Z/W/ + 0, 1 jet:

numerical NLO results for Z/W + 0, 1, 2 jets at LHC & TEV:

analytic NLO results+dominant NNLO contributions for Z + 1 jet:

analytic NLO results+dominant NNLO contributions for γ + 1 jet:
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analytic NLO results+dominant NNLO contributions for Z + 1 jet:
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QCD:

Gauge Bosons at High Transverse Momenta

O(αs)

Status  of  Loop  Calculations  for  LHC 

NLO results for direct photon production γ + 1 jet:

using MCFM

weak:
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[Maina, Moretti, Ross, 2004. +Erratum]
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numerical NLO results for Z/γ + 1 jet:

various analytic NLO results for Z/W/ + 0, 1 jet:

numerical NLO results for Z/W + 0, 1, 2 jets at LHC & TEV:

analytic NLO results+dominant NNLO contributions for γ + 1 jet:
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Photon- &  Z-Production

some technical details:

• omitted  QED corrections

• massless quarks

• P-V-reduction of tensor integrals

• renormalization of the coupling in the MS scheme

• compact analytical results

• derived NNLL approximation 

1-loop:

Gauge Bosons at High Transverse Momenta

(≤ 0.2% accuracy, fast, very compact)

(NLO)
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Ji : A0, B0, C0,D0

(i = 0...14)

the most complicated term for Z production:

J3 = B0(M
2
V ;M2

W ,M2
W )

KnAb
3 (M 2

W ) = −
1

t̂û

(
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(ŝ + t̂)2
+

1

(ŝ + û)2

)

+ 2M 2
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(
3ŝt̂

(ŝ + û)
3 +

3ŝû

(ŝ + t̂)
3

)

·
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ŝ4 + ŝ2
(
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(
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− 2t̂2û2 + 2M 2

W

(
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))

1-Loop:  Analytical Results

Gauge Bosons at High Transverse Momenta

|MNLO|
2 ∼

∑
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(
IVq
)2
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Gauge Bosons at High Transverse Momenta

transverse momentumpT:
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1-Loop:  Numerical Results  @  LHC
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Gauge Bosons at High Transverse Momenta

transverse momentumpT:
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sizable negative corrections
(≈ −10% at pT=1 TeV)

(≈ −25% at pT=1 TeV)
large negative corrections

1-Loop:  Numerical Results  @  LHC
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Gauge Bosons at High Transverse Momenta

|r| ≫M2
Z ≈ M2

W r = s, t, u

2-Loop:  Analytical Results

high energy approximation: 

consider dominant contributions:                         ,log4
(
|r|
M2

W

)
log3

(
s

M2

W

)
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based on [Denner,Melles,Pozzorini]

Gauge Bosons at High Transverse Momenta

|r| ≫M2
Z ≈ M2

W r = s, t, u

2-Loop:  Analytical Results

high energy approximation: 

consider dominant contributions:                         ,log4
(
|r|
M2

W

)
log3

(
s

M2

W

)

result for Z production:
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2-Loop:  Numerical Results  @  LHC

total cross section & statistical error
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L = 300 fb−1

Br(Z → leptons) = 30.6%
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2-loop effects are important 

for precision measurements
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total cross section & statistical error
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Ratio of  Photon- & Z- Cross Section

Gauge Bosons at High Transverse Momenta

● stable against QCD corrections

● cancellation of uncertainties in pdf`s
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q g

W

γ

q̄ W

W-Production (First Glance)

Gauge Bosons at High Transverse Momenta

No gauge invariant splitting of QED corrections:

⇒ virtual photonic corrections needed 

⇒ real photon radiation needed
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W-Production (First Glance)

Gauge Bosons at High Transverse Momenta

● 1-loop logarithmic  approximation

LL, NLL:                         , log2
(
|r|
M2

W

)
log
(
|r|
M2

W

)

First approximation of the virtual corrections:

q g

W

γ

q̄ W

No gauge invariant splitting of QED corrections:

⇒ virtual photonic corrections needed 

⇒ real photon radiation needed
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1-Loop Logarithmic Correction @ LHC

Gauge Bosons at High Transverse Momenta

transverse momentumpT:

relative corrections for the pT-distribution
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large negative corrections
(≈ −30% at pT=1 TeV)
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Gauge Bosons at High Transverse Momenta

1-Loop Logarithmic Correction @ LHC

total cross section & statistical error
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N = Br Lσ
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Summary

Gauge Bosons at High Transverse Momenta

● important  processes  at  LHC

● large  corrections  at  1-loop

● 2-loop  effects  are  sizable

● compact  analytical  results

Electroweak Loop Corrections to Hadronic Production 
of Photons, Z- and W-Bosons with Single Jet Radiation
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1-Loop NNLL Corrections @ LHC

Gauge Bosons at High Transverse Momenta
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