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Outline

• Introduction & Motivation

• Leading order

• Status of radiative corrections

• Our results:   technical details,

predictions for LHC

• Summary

p p → γ/Z/W± + jetLHC:
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Characteristics

V

P P

Jet

● relatively large cross sections

=γ, Z, W±

● clean  experimental  signature

Z : l+l−, ν̄lνl

σ(pT > 1TeV) ≈ 10 fb → 103 evts/year @ LHC

γ : direct

● involves  strong  &  electroweak  physics

(BR≈30%)
(BR≈30%)W± : l±νl

Gauge bosons at large transverse momenta

CMS Outreach
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Motivation

● gauge   parton  distribution  functions

up quarks

gluons

[MRST2001E,hep-ph/0211080 ]

Q =100 GeV

Gauge bosons at large transverse momenta

● calibrate  jet  energy  scale
[L. Galtieri CDF] 

[Techn. proposal ATLAS]

Z + jet:

Z+b-jet: bottom quark content
[A. Tricoli ATLAS col.]

gluon content at large x
[Reid,Heath CMS Note 00/063]

γ/Z/W + jet:

[Dittmar,Pauss,Zürcher]

● monitor for absolute luminosity
[Techn. proposal CMS]
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Motivation

● background  for  new  physics

Gauge bosons at large transverse momenta

[Th. Müller, CMS Note 98/08]Higgs+W signalW + jet:

[A. Nikitenko, Higgs Searches at LHC]Higgs→ WW signal

γ + jet: Higgs→ signalγγ

Z + jet: [A. Nikitenko, Higgs Searches at LHC]MSSM-Higgs signal
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Leading order (LO)  process

partonic initial states:

related by crossing symmetries  ⇒ focus on

gq → V q, gq̄ → V q̄, q̄q → V g
(V = γ/Z/W±) @ LHC

q̄q → V g

Gauge bosons at large transverse momenta

≈ 80% ≈ 20%
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Leading order (LO)  process

partonic initial states:

related by crossing symmetries  ⇒ focus on

+Mq̄q→V g
LO =

gq → V q, gq̄ → V q̄, q̄q → V g
(V = γ/Z/W±) @ LHC

q̄q → V g

q̄

q

V

g

q̄

q

g

V

Gauge bosons at large transverse momenta

≈ 80% ≈ 20%

IV
qλ

=






−Qq V = γ
cw
sw

T 3
qλ

− sw
2cw

Yqλ V = Z
δλL√
2sw

V = W
|Mq̄q→V g

LO |2 ∼
∑

λ=L,R

(
IV

qλ

)2 t̂2 + û2 + 2M2
V ŝ

t̂û
,
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LO distribution
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Gauge bosons at large transverse momenta
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LO distribution
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Gauge bosons at large transverse momenta



Markus Schulze,  University of Karlsruhe,  Germany          Loopfest VI,  Fermilab 2007       6/18

LO distribution
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Gauge bosons at large transverse momenta
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Status of radiative corrections

[Campbell, Ellis, Rainwater,‘02/‘03]

[Giele, Glover, Kosower,‘93]

[Gonsalves, Pawlowski, Wai,‘89]

[Arnold, Reno,‘89]

[Ellis, Martinelli, Petronzio,‘83]

[Aurenche et al.,‘84,‘93]
[Gordon, Vogelsang,‘93]

[Catani et al.,‘02]

QCD: αs- corrections
g

Gauge bosons at large transverse momenta

using MCFM

NLO results for direct photon production 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:
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Status of radiative corrections

electroweak: - correctionsα

[Maina, Moretti, Ross,‘04. +Erratum]

[Kühn, Kulesza, Pozzorini, S.,‘05]

[Kühn, Kulesza, Pozzorini, S.,‘06]

[Kühn, Kulesza, Pozzorini, S.,‘07]

γ, Z, W±

Gauge bosons at large transverse momenta

analytic NLO +dominant NNLO weak correction for Z + 1 jet:

numerical NLO weak correction for Z/γ + 1 jet:

analytic NLO +dominant NNLO weak correction for γ + 1 jet:

analytic NLO +dominant NNLO electroweak correction for W± + 1 jet:



Markus Schulze,  University of Karlsruhe,  Germany          Loopfest VI,  Fermilab 2007       7/18

Status of radiative corrections

electroweak: - corrections

but: α log2
(

ŝ
M2

W

)αs ≈ 10 α
?

γ, Z, W±

Gauge bosons at large transverse momenta

α

[Maina, Moretti, Ross,‘04. +Erratum]

[Kühn, Kulesza, Pozzorini, S.,‘05]

[Kühn, Kulesza, Pozzorini, S.,‘06]

[Kühn, Kulesza, Pozzorini, S.,‘07]

[Baur,‘07]

analytic NLO +dominant NNLO weak correction for Z + 1 jet:

numerical NLO weak correction for Z/γ + 1 jet:

analytic NLO +dominant NNLO weak correction for γ + 1 jet:

analytic NLO +dominant NNLO electroweak correction for W± + 1 jet:

analysis for real emission of weak gauge bosons:
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1-loop weak corrections O (α)

technical  details: Z/γ + jet

• QED corrections omitted  
(gauge invariant subset)

• no emission of real  Z/W bosons

• light quarks massless

• P-V-reduction of tensor integrals

• renormalization of the coupling in the MS-scheme

• analytical results

Z, W±

Z, W±

Z, W±

W± W±

Z, W±

Gauge bosons at large transverse momenta

ZZ



• QED corrections included
real photon emission: Dipole formalism

• no emission of real  Z/W bosons

• light quarks massless

• P-V-reduction of tensor integrals

• renormalization of the coupling in the -scheme

• analytical results
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1-loop+real electroweak corrections O (α)

technical  details: W± + jet

Gµ

γ, Z, W±

γ, Z, W±

γ, Z, W±

γ, Z, W±

γ

γ

γ

γ

γ, Z

W±

γ, Z

W±

Gauge bosons at large transverse momenta



• 14 scalar integrals:

• 2x14 coefficients: rational functions of 
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Analytic results

ŝ, t̂, û, MW , MZ

main ingredients                             : HA/N(M2
V )

A0, B0, C0, D0

example from Z-production

Gauge bosons at large transverse momenta

|M|21loop ∼
α2

2π
IZ

q

∑

V =Z,W ±

(
IV

q
)2

HA(M2
V ) +

cw
s5w

T 3
q HN(M2

V )



• 14 scalar integrals:

• 2x14 coefficients: rational functions of 
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the most complicated coefficient:

Analytic results

ŝ, t̂, û, MW , MZ

main ingredients                             : HA/N(M2
V )

A0, B0, C0, D0

example from Z-production

B0(M 2
V ; M 2

W , M 2
W )

[

−
1

t̂û

(
1

(ŝ + t̂)2
+

1

(ŝ + û)2

)

+ 2M 2
W

(
3ŝt̂

(ŝ + û)
3 +

3ŝû

(ŝ + t̂)
3

)

×

(

ŝ4 + ŝ2
(

t̂ + û
)(

ŝ + M 2
Z

)
− 2t̂2û2 + 2M 2

W

(
ŝ2M 2

Z − t̂û(2ŝ − t̂ − û)
))]

Gauge bosons at large transverse momenta

|M|21loop ∼
α2

2π
IZ

q

∑

V =Z,W ±

(
IV

q
)2

HA(M2
V ) +

cw
s5w

T 3
q HN(M2

V )
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NNLL approximation

asymptotic expansion in 
the high energy limit:

example from Z-production r̂ = ŝ, |t̂|, |û| ≫ M2
W

NNLL: log enhanced terms: log2
(

r̂
M2

W

)
, log

(
r̂

M2
W

)

+ constant terms: π2, log
( r̂

ŝ

)

Gauge bosons at large transverse momenta
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NNLL approximation

asymptotic expansion in 
the high energy limit:

example from Z-production

very compact expressions!

(easy to implement)

r̂ = ŝ, |t̂|, |û| ≫ M2
W

NNLL: log enhanced terms: log2
(

r̂
M2

W

)
, log

(
r̂

M2
W

)

+ constant terms: π2, log
( r̂

ŝ

)

HA/N
1 (M 2

V )
NNLL

= Re
[
gA/N
0 (M 2

V ) t̂2+û2
t̂û + gA/N

1 (M 2
V ) t̂2−û2

t̂û + gA/N
2 (M 2

V )
]

with

gA0 (M2
V ) = − log2

(
−ŝ
M2

V

)
+ 3 log

(
−ŝ
M2

V

)
+

3

2

[

log2
(

t̂
ŝ

)
+ log2

(
û
ŝ

)
+ log

(
t̂
ŝ

)
+ log

(
û
ŝ

) ]

+
7π2

3
−

5

2
,

gN0 (M 2
W ) = 2∆UV + log2

(
−ŝ

M2
W

)
− log2

(
−t̂

M2
W

)
− log2

(
−û
M2

W

)

+ log2
(

t̂
û

)
−

3

2

[

log2
(

t̂
ŝ

)
+ log2

(
û
ŝ
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− 2π2 + 2

(
−

π2

9
−

π
√

3
+ 2

)
,

gN1 (M2
V ) = −gA1 (M2

V ) +
3

2

[

log

(
û
ŝ

)
− log

(
t̂
ŝ
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=
1

2

[

log2
(

û
ŝ
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(
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ŝ
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,
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V ) = −gA2 (M2
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ŝ

)
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(
û
ŝ

)
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(
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ŝ
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(
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ŝ
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− 4π2

Gauge bosons at large transverse momenta



• large negative corrections

• increase with 

Markus Schulze,  University of Karlsruhe,  Germany          Loopfest VI,  Fermilab 2007      11/18

Numerical results

pT

Z

γ
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size of the O (α) corrections

at pT = 1TeV :

Gauge bosons at large transverse momenta

γ: -12%
Z: -24%
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Numerical results

W −
W +

Z

γ
NLO/LO-1
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size of the O (α) corrections

Gauge bosons at large transverse momenta

• large negative corrections

• increase with pT

at pT = 1TeV :

W±: -26%

γ: -12%
Z: -24%
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Numerical results

quality of the NNLL approximation:

• very precise!

Gauge bosons at large transverse momenta

γ: ≤ 1 × 10−3

Z: ≤ 2 × 10−3

Z

γ

NNLL/NLO-1

pT [GeV]
200018001600140012001000800600400200

10−3

10−4
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Electroweak corrections O
(
α2

)

dominant 2-loop contributions:  

r̂ = ŝ, |t̂|, |û| ≫ M2
WNLL: log enhanced terms: log4

(
r̂

M2
W

)
, log3

(
ŝ

M2
W

)

1-loop exponentiation

[Denner,Melles,Pozzorini]

general resummation

formulae [Melles]

Gauge bosons at large transverse momenta
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Electroweak corrections O
(
α2

)

dominant 2-loop contributions:  

example from W-production:

with

X1 = ln4
(

ŝ
M 2

W

)
− 6ln3

(
ŝ

M 2

W

)
, X2 = ln4

(
t̂

M2

W

)
+ ln4

(
û

M 2

W

)
− ln4

(
ŝ

M 2

W

)
,

X3 = ln3
(

ŝ
M 2

W

)

r̂ = ŝ, |t̂|, |û| ≫ M2
WNLL: log enhanced terms: log4

(
r̂

M2
W

)
, log3

(
ŝ

M2
W

)

1-loop exponentiation

[Denner,Melles,Pozzorini]

general resummation

formulae [Melles]

Gauge bosons at large transverse momenta

|M|22loop ∼
( α
2π

)2 |MLO|2
{

1
2

(
Cew

qL + CA

2sW

)(
Cew

qL
X1 + CA

2sW X2

)

+ 1
6

(
b1
c2
W

(
YqL
2

)2
+ b2

s2
W

(
CF + CA

2

))
X3

}
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Numerical results

δstat = 1√
N

σ(pcutT ) =

∫ ∞

pcut
T

dpT
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(Z → leptons)

L = 300 fb−1

Z at pT = 1TeV:
δstat = 2%
1-loop: -26%

Gauge bosons at large transverse momenta
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Numerical results

NLO/LO-1
NNLO/LO-1
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(Z → leptons)

L = 300 fb−1

Z at pT = 1TeV:
δstat = 2%
1-loop: -26%
1 + 2-loop: −26% + 4%

Gauge bosons at large transverse momenta
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Numerical results

W+ at pT = 1TeV:
δstat = 2%
1-loop: -30%
1 + 2-loop: −30% + 4%
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Gauge bosons at large transverse momenta
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Ratio of      -distributionspT
● stable against QCD corrections

● cancellation of uncertainties in pdf`s

LO

NLO

NNLO

W+/ Z

pT [GeV]

dσ
W

+

dp
T

/
dσ

Z

dp
T

200018001600140012001000800600400200

2.00

1.90

1.80

1.70

1.60

1.50

1.40

LO

NLO

NNLO

γ/ Z

dσ
γ

dp
T

/
dσ

Z

dp
T

2.00

1.50

1.00

0.50

at pT = 1 TeV:
0.71 +0.12 -0.02 = 0.81

at pT = 1 TeV:
1.79 -0.09 +0.01 = 0.71

Gauge bosons at large transverse momenta
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Checks
• two independent calculations and implementations

:  self-written Mathematica code & FeynCalc

:  two independent Fortran codes

• check of Ward-Identity (for the gluon)

• explicit cancellation of UV- and mass singularities

• scalar integrals: FF & library from [Denner]

• for real photon emission checked with MadGraph

• implementation of the Dipole formalism                       :
photon radiation of massive fermions  [Dittmaier] &
QCD formalism adopted to QED  [Catani et al.]

• agreement with [Maina et al.]   (weak 1-loop,                    )

|M|2

dσ
dpT

Z/γ + jet

|M|2

(W± + γ + jet)

Gauge bosons at large transverse momenta
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Real gauge boson emission

in experiment: partially inclusive final state

� partially cancellation of large log`s    (violation of Bloch-Nordsieck-Thm.)

recent analysis from U. Baur  [Phys.Rev.D75:013005,2007]: 

γ + jet Z + jet

Z, W±

contributes to O(α) corrections

but: different final state

Gauge bosons at large transverse momenta

+6% at pT = 2TeV +6% at pT = 1.5TeV
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Summary

Electroweak corrections to large transverse momentum

production of Photons, Z- and W-bosons at the LHC

• important processes 

• large             corrections

• relevant  2-loop contributions

• compact analytical results
NNLL is an excellent approximation

O(α)

V

P P

Jet

=γ, Z, W±

≈10-25% at pT = 1TeV

≈4% at pT = 1TeV

Gauge bosons at large transverse momenta
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Extras:   Corrections  @  Tevatron

R
NLO/LO

γ
R

NLO/LO
Z

pT [GeV]
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• 1-loop corrections
are less significant

at pT = 300GeV :

γ: -3%
Z: -6%

• 2-loop contributions
are negligible

δstat = 1√
N

σ(pcutT ) =

∫ ∞

pcut
T

dpT
dσ
dpT

L = 11 fb−1

Gauge bosons at large transverse momenta



Extras:   QCD corrections  @  LHC 

J. Campbell, 
R.K. Ellis, 
D.L. Rainwater 
[Phys.Rev.D68:094021,2003]

Gauge bosons at large transverse momenta
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Extras:   Logarithmic corrections 

Gauge bosons at large transverse momenta
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1-loop: M1
NLL
= M0 (1 + δEW)

with

δsew = δEW
∣∣∣
λ=MW

δsem = δEW − δsew

2-loop:

symmetric el.weak

subtracted  el.magn.

δEW = δsew + δsem

M2
LL
= M0 exp(δsew) exp(δsem)


