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Quick motivation
Wγ, WZ (+ jet) production important at hadron colliders [Baur, Han, Ohnemus ’93,’95]

large rates, anomalous couplings, . . .

QCD corrections to diboson+jet are highly relevant (driven by kinematics)
[Dittmaier et al. ’08, Campanario, CE, Spannowsky, Zeppenfeld ’09]

σ(Wγ + jet)/σ(Wγ) ' 2.5: jet emission controls uncertainty! (MC veto?)

Can we get a handle on anomalous couplings in inclusive measurements?
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Figure 2: NLO QCD contributions in W and Z production.

suppresses such NLO contributions. Additionally, unwanted uncertainties in the differential NLO W /Z + X
cross sections due to variations of the factorization scale are avoided through the use of a jet veto [8, 9].

3 Event Selection
Our study includes only the electron and muon decay channels of the W and Z bosons. A similar analysis using
hadronic weak boson decays should be possible but would require elaborate QCD background studies.

Another mode, , is also not included in this analysis despite the Z boson’s large branching ratio
into a neutrino pair. Although the cross section is approximately a factor of three larger than the electron
and muon channels combined, the need to suppress strong backgrounds from dijet and direct photon production
will drastically reduce the Z detection efficiency. Such an analysis requires a good understanding of the missing
transverse energy reconstruction in the appropriate data sets, which has not been done at CMS so far.

The event selections in the W and Z channels are very simliar. The signature consists of a high lepton and a
well isolated photon. The additional presence of a second charged lepton or large missing energy defines the Z or
W boson, respectively.

To subtract radiative events where the photon is emmitted off of a charged decay lepton, the photon is required
to be well separated and to form together with the leptons a mass greater than that of the decaying boson: the
photon-lepton separation, defined in the rapidity-azimuth space as , is required to be
larger than 0.7; the invariant Z mass must exceed 100 GeV/c and the invariant transverse mass of the W system
(cluster transverse mass) must be larger than 90 GeV/c . The W cluster transverse mass is defined as

Pseudorapidity Photon/Lepton
Transverse Energy Photon
Transverse Energy Lepton
Photon-Lepton Separation
Missing Energy
W Cluster Transverse Mass
Z Three-body Mass

Table 1: Summary of W and Z selection requirements.
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Figure 5: Sensitivity contours in the -conservingWW and ZZ coupling space.

At the LHC the cross section enhancement is much more pronounced than at the Tevatron, particularly for Z
production. Form factor scales up to (W ) and (Z ) will be accessible, as shown in Figures 6 and
7. For higher scales, the sensitivity remains essentially constant. Also included in these figures are the unitarity
limits which define the maximum possible cut-off scale for a given anomalous coupling.

It is common to quote one-dimensional limits. We define them as the intersection points of the ellipses with the
coordinate axis. At this point the three other couplings are equal to their Standard Model value of zero.

At 95% CL, we find for an integrated luminosity of :

W-Photon couplings ( TeV) :

for
for

Z-Photon couplings ( TeV) :

for
for

, fb , TeV
Baur et al. (only ) [17]
this study

, fb , TeV
Baur et al. [9]
this study

Table 2: Comparison of CMS sensitivities to anomalous gauge boson couplings at 95% CL obtained
in this analysis with previous studies where no realistic detector simulation was used. Note that
in contrast to this study, maximal bounds (i.e. not taken at the axis intersection where the second
coupling vanishes) are quoted in [9] and [17].

8

[Müller et al. ’00]
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Technicalities

QCD Korrekturen zurWγj undWZj Produktion an Hadronenbeschleunigern mit
leptonischen Zerfällen Referent: Prof. Dr. D. Zeppenfeld

Korreferent: Prof. Dr. U. Nierste

• Wirkungsquerschnitt in (nächst-)führender Ordnung QCD Störungstheorie aus Feynmangraphen

σ =

∫
Partondichte1× Partondichte2× |Amplitude|2 = σLO(αs) + σNLO(α2s)
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• Gluon–induzierte Prozesse
=⇒ große Rate am LHC (14 TeV), phänomenologisch relevant

• Anpassen des elektroschwachen StromsWeff (QCD Singulett)
(i) modifizierteWWγ Kopplungen← neue Physik

(ii)WZj inklusive leptonischer Zerfälle
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Analytical calculation

à la Catani–Seymour [Catani, Seymour ’96]

σNLO
4−2ε =σB +

ˆ
σV + σA˜+

ˆ
σR − σA˜+ σC

→σB +

Z
m+1

24`dσR´
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0@X
dipoles

dσB ⊗ dVdipole
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ε=0
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+
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ε=0 +
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0
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h
dσB ⊗
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P(x , µ2

F ) + K (x)
”i

Numerical calculation

in-house metacode

cross & gauge checks
optimization, cache systems

redundant calculations, . . .
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Results: µR, µF dependence of σ
LHC

√
s = 14 TeV, inclusive cuts:

pγT , p
j
T ≥ 50 GeV, p`T ≥ 20 GeV, coverage and min. separation
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Figure 4.1: Scale dependence of the leading order, next-to-leading order inclusive, and
next-to-leading order exclusive W±γj cross sections at the LHC for δ0 = 1.0.

and two values of the IR-safe photon-jet separations

δ0 = 1.0 , δ0 = 0.6 . (4.2b)

It is customary to also analyze the cross sections’ behavior with an additional ’no
resolvable 2nd jet’–criterion, i.e. a veto on the second jet, if it gets resolved,

exclusive NLO: pj,veto
T ≥ 50 GeV , |yveto

j | ≤ 4.5 . (4.2c)

Figs. 4.1 and 4.2 show the behavior of the Wγj cross sections for these cut choices
for identified scales µR = µF at the LHC and the Tevatron. The higher cross section
and different scale dependence for W+γj production compared W−γj production is
predominantly due to different parton luminosities in the dominating (anti)quark-gluon
subprocesses (cf. fig. 2.1).

The NLO exclusive production projects onto ’genuine’ Wγj events, and one is
tempted to conjecture improved QCD-stability for the vetoed sample. In fact vetoed
Wγj production1 exhibits an almost flat scale dependence. At leading order, we find a

σNLO [fb] σNLO/σLO

W−γj 615.3± 2.8 1.491
δ0 = 0.6

W+γj 736.5± 3.5 1.411
W−γj 558.7± 2.4 1.413

δ0 = 1.0
W+γj 676.9± 3.2 1.339

Table 4.1: Next-to-leading order cross sections and ktot-factors for the processes pp →
$+ν!γj +X and pp→ $−ν̄!γj +X at the LHC for identified renormalization and factorization
scales, µR = µF = 100 GeV. The cuts are chosen as described in the text.

1Apart from small modifications this is qualitatively reproduced by all other NLO diboson+jet
cross sections [3, 9, 13].

σNLO [fb] σNLO/σLO µ = 100 GeV
W−γj 615.3± 2.8 1.491 inclusiveW +γj 736.5± 3.5 1.411
W−γj 429.2± 1.8 1.041 veto 2nd jetW +γj 459.1± 2.0 0.910

← Stabilization is superficial!
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Veto unreliable . . .
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Figure 4.16: Leading order and next-to-leading order uncertainty bands for the pγ
T distri-

bution, fo exclusive or inclusive Wγ production.

ences ∼ 1. There is an only weak accentuation of back-to-back configurations in the

otherwise flat radiation pattern compared to the other jet. This behavior is in agree-

ment with the large relative modifications of minimum distance observables that involve

a jet at LO. Pronounced effects of the additional jet activity are also visible in the ratio

distributions. While at LO the region max pj
T ∼ pW

T is kinematically disfavored by

the chosen the acceptance criteria, the dip for max pj
T /pW

T ∼ 1 is entirely smeared out

at NLO. This becomes even more apparent for W -γ back-to-back configurations with

|∆φWγ| ≥ 7π/9, where the energetic W s that recoil against the jet and the photon at

LO gets suppressed because of additional hard jet radiation into the direction of the

W .

Turning to more energetic events in the tails of the pT distributions (e.g. pγ
T >

1 TeV) the picture is quite different. At large transverse momentum of the photon, jet

emission is logarithmically enhanced in the dominating gluon-induced channels qg →
WγQ which can easily be seen from the Altarelli-Parisi approximation of collinear

emission q → QW

dσ(qg →WγQ) = dσ(qg → qγ)
e2

32π2 sin
2 θw

log
2 p2

T

m2
W

, (4.5)

where we again assume a diagonal CKM matrix. The preferred situation is therefore a

collinear W -jet pair that recoils against the hard photon. This region of phase space

receives massive QCD corrections: The extra jet emission for these events is nearly

isotropic in the azimuthal angle at small rapidity differences, compared to the other

hard jet. The situation where the photon recoils against the W is therefore heavily

modified: it becomes likely that the photon recoils against a hard jet.

Applying the jet veto of (4.2c) the characteristics of the above section vanish at

a total rate of σNLO = 429.2 ± 0.8 fb. As shown in figs. 4.17 and 4.18, the small

ktot = 1.04 is due to approximate cancellations among corrections to different regions

of phase space: the jet veto hits the “sweet spot” of the NLO cross section. Given that

the differential corrections are significant, especially in phase space regions of large pT

uncertainty bands: µR = µF = 50 GeV . . . 200 GeV

optimistic but only minor modifications for dyn. scales

NLO inclusive µ dep. equally distributed over pT

NLO exclusive µ dep. small low in pT , but large at high pT , and cancellations�� ��→ µ dependence cured superficially by the veto (pT steep)
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Phase space dependence of σNLO/σLO

DRAFT  --  DRAFT  --  DRAFT  --  DRAFT  --  DRAFT  -

64 4.3 Photon isolation effects and differential distributions
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Figure 4.8: LO and NLO separation of the photon from the jet with highest pT in the
azimuthal angle – pseudorapidity plane isolation parameter δ0 = 0.6 (denoted by the vertical
line), the differential k factor with ktot plotted as horizontal line is depicted in the lower
panels.

space (except for significant modifications in the pT tails due to recoiling against the
additional hard jet, see below), observables that involve the hadronic part of the process
develop large relative corrections: In addition to the minimum separation of the photon
from the jet in fig. 4.8, also the minium lepton-jet separation in fig. 4.10 receives major
modifications due to the extra jet, which tends to be more collinear to the lepton at
NLO. The lepton-photon separation exhibits an almost flat relative correction over
the bulk of the important phase space. This behaviour is also reproduced by the
pseudorapidity differences |ηW − ηγ|, |ηW − ηγ|, fig. 4.11, and the lepton rapidity in
fig. 4.13, where the W ’s four momentum is given by the sum of lepton and neutrino
momenta.

Fig. 4.9 depicts the longitudinal parton momentum fraction, at which the proton is
probed in Wγj production for the specified cuts. It also underlines quantitatively the
rationale of sec. 4.2: When going to NLO, the proton gets probed a larger momentum
fractions du to the di-parton final state. This is indicated by k(x) > ktot for values
x ! 0.02. The x-distribution yet still peaks at small values x ∼ 0.01 at NLO due to
the subprocess-dominating gluon pdfs (at the LHC).

Turning to the transverse momentum distributions (figs. 4.12-4.13), it is evident that
the pT of the hardest jet becomes larger in the tails of the distribution. This behavior is
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Non-SM Wγj meets LEP bounds [hep-ex/0612034]

Anomalous couplings [Hagiwara et al. ’86]

LWWγ = −ie

"
W †µνWµAν −W †µAνWµν + [1 + ∆κ]W †µWνFµν +

λ

m2
W

W †λµWµ
ν Fνλ

#
85

∆κ0 = 0.019, λ0 = −0.0005
∆κ0 = −0.003, λ0 = −0.006
∆κ0 = −0.069, λ0 = −0.045
∆κ0 = −0.025, λ0 = −0.034

SM uncertainty
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Figure 4.24: NLO-pγ
T distributions for different anomalous couplings and Λ = 2 TeV and

cuts (4.10), (4.11). The shaded band depicts the SM uncertainty, derived from varying the

µR = µF = 100 GeV by a factor two around the central value. Note that the uncertainty

band is covered by the green and red curve.

comparable to the distributions uncertainty. A more inclusive strategy that supple-
ments traditional techniques appears to be practicable, especially given that the overall
theoretical uncertainty of order 10% becomes comparable to the estimated experiments’
systematics.

We can “replace” the LO Wγj contribution of NLO Wγ production at the LHC
by our NLO-improved cross section to arrive at an improved inclusive estimate of the
differential Wγ cross section at large transverse momenta of the photon. To do this we
define
�
dσNLO(W−γ)

dpγ
T

�

improved

=
dσNLO

incl (W−γ)

dpγ
T

����
pj

T≤50 GeV

+
dσNLO

incl (W−γj)

dpγ
T

����
pj

T >50 GeV

=
dσNLO

excl (W−γ)

dpγ
T

����
pj

T >50 GeV

+
dσNLO

incl (W−γj)

dpγ
T

����
pj

T >50 GeV

.

(4.12)

and choose cuts

pγ
T ≥ 100 GeV , /pT

, p�
T ≥ 25 GeV , ≥ 25 GeV ,

Rj� ≥ 0.2 , δ0 = 0.7 , E = pγ
T ,

(4.13)

and general Monte Carlo parameter choices and (pseudo)rapidity cuts for photon, jets
and leptons as in sec. 4.1. The pj

T cut, which is used for defining the exclusive Wγ and
the inclusive Wγj cross sections according to the above selection criteria follows from
(4.12). Note that (4.12) explicitly depends on the chosen jet-pT (matching-)scale. This
again underlines that (4.12) is on only an approximation of the a NNLO calculation.

To generate the Wγ events we use Mcfm v5.5 [96], which does not include anoma-
lous couplings effects, and only considers the decay W → �ν §. For our cuts and an

§For typical section criteria to study anomalous couplings effects, the three-body decay of the W

anomalous couplings pronounced at high pT

no sensitivity beyond perturbative uncertainty on the σ level for inclusive cuts
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Summary & Conclusions

(anomalous) Wγj production computed @ NLO-QCD

total corrections are sizable

1.2 . σNLO/σLO . 1.5

relative modifications even more significant

dK . 3 (inclusive)− 5 (exclusive)

sensitivity of Wγj to (∆κ, λ) in pγT fits→ inclusive studies?
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IR safety 
 isolated γs
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18 2.2 QCD-improved Hadron Collider Calculations
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Figure 2.4: A naive photon isolation criterion limits the phase space of the soft gluon and
thus spoils the KLN-cancellation.

Photon isolation

When treating the photon stable, this leads to further subtleties. A collinear photon-
quark configuration gives rise to a collinear QED-final state singularity, that contributes
to non-perturbative QED fragmentation functions. In order to avoid this singularity one
is tempted to introduce an isolation criterion, e.g. a minimal separation of any parton
(or jet) and the photon in the pseudorapidity–azimuthal angle–plane. This, clearly,
would entirely remove any dependence on fragmentation, but would also limit phase
space of soft gluon radiation at NLO-QCD: In fig. 2.4 the quark emission is outside
a cone around the photon of size δ0. Yet, the soft-gluon-emission that cancels the IR
singularity of the virtual correction to this configuration is required to be integrated
over the full solid angle around the quark. Expelling the soft gluon from the cone
around the photon thus spoils the cancellation of IR divergencies.

To maintain the IR safety while minimizing the contribution of fragmentation, we
have to allow for soft radiation inside the photon cone. Already in [15], but in more
detail described in [63] a general prescription is given, which is IR-safe to all orders per-
turbation theory: The hard selection criterion is modified such that soft gluon emission
into the isolation cone is allowed,

�

i,Riγ<R

pparton,i
T ≤ Ξ(E) =

1− cos R

1− cos δ0
E ∀R ≤ δ0 , (2.40a)

where the index i runs over all partons, found in a cone around the photon of size R.
The QCD-IR-safe cone size around the photon is given by δ0, and E denotes a energy
scale of the event determines the penetrability of the photon cone. The precise form of
(2.40a) is motivated from the soft phase space integral over the photon cone; IR-safety,
however, gives no restriction on Ξ but

lim
E→0

Ξ(E) = 0 , (2.40b)

i.e. collinear emission is vetoed. For convenience, we use the functional form of (2.40a)
for the purpose of this thesis. (2.40b) obviously allows a broad range different isolation

IR-safe γ-isolation [Baur et al. ’93,Frixione ’98]

naive isolation limits phase space of soft gluons

one has to allow soft radiation into the photon cone

at the same time reject hard collinear configurations (fragmentation unwanted)X
i,Riγ<R

pparton,i
T ≤ Ξ(E(pγ),R) , lim

R→0
Ξ(E,R) = 0 ,

Ξ(E,R) =
1− cos R
1− cos δ0

p(γ)
T
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Impact of non-standard WWγ couplings
anomalous WWγ Lagrangian, discarding CP-violating operators [Hagiwara et al. ’87]

LWWγ = −ie

"
W †µνWµAν −W †µAνWµν + [1 + ∆κ]W †µWνFµν +

λ

m2
W

W †λµWµ
ν Fνλ

#

relates to
µW =

e
2mW

(2 + ∆κ+ λ) , QW = − e
m2

W
(1 + ∆κ− λ)

Current bounds highly consistent with zero→ we shoot for the SM!�

�

�

�
1 + ∆κ0 = 0.984+0.042

−0.047 λ = −0.016+0.021
−0.023 LEP

1 + ∆κ0 = 0.973+0.044
−0.045 λ = −0.028+0.020

−0.021 D/0

anomalous couplings add to Wγj production
modified WWγ vertex from FeynRules.

analytical checks & code via FeynCalc→ new Helas routines

numerical checks (sign conventions)
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