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Why anomalous couplings?
We still do not have a test of the Fermi-scale and beyond! But we may expect . . .

L = LSM w/o Higgs + L[SU(2)×U(1)/U(1)] +
1

Λ2
UV
L(6) + . . .

Try to measure L in model-independent way: bottom-up phenomenology of L(n)

Focus on the SM extended by operators modifying the WWV gauge vertices

New electroweak physics might be appartent 
or just around the corner at the TeV scale

Maybe too weakly coupled for direct low-
luminosity discovery, clean signatures < fb,    
or too large backgrounds
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34 3.1 Leading order contributions

quadrupole moment QW and magnetic dipole moment µW of the W boson,

µW =
e

2mW
(2 + ∆κ + λ) ,

QW =− e

m2
W

(1 + ∆κ− λ) .
(3.6)

The anomalous WWγ Lagrangian yields a modified WWγ vertex,
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For ∆κ = λ = 0 we obviously recover the SM-vertex (2.25).
Retaining unitarity at high energies is a crucial ingredient to meaningfully model

beyond-the-SM physics in a Monte Carlo setting. If probability conservation is violated,
the cross section is dominated by the behavior at large invariant masses of the matrix
element, even though the parton luminosities are steeply falling. On the other hand, if
unitarity is conserved, the phenomenology gets no significant contribution from large
invariant masses by the same reason. Therefore, the parameters ∆κ = κ−1 and λ have
to be merely understood as low-energy limits of form factors, whose precise momentum
dependence highly depends on the BSM model. A phenomenological parametrization
is [12, 72]

∆κ =
∆κ0(

1 + m2
Wγ/Λ2

)nκ
, λ =

λ0(
1 + m2

Wγ/Λ2
)nλ

, (3.8)

where mWγ denotes the invariant mass of the final state lepton-photon-neutrino system.
Unitarity requires nκ > 1/2 and nλ > 1, and customary choices are dipole profiles
nκ = nλ = 2. Note that, we have not included anomalous CP-violating operators, as
they are already heavily constrained from measurements of the neutron electric dipole
moment [21].

Numerical implementation

The Feynman rule resulting from (3.5) has been determined with FeynRules [73].
Algebraic checks and comparisons have been performed by means of FeynCalc [74].

modified production cross section,
shape-deviations from the SM for large Q2
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LHC vs ILC:
√

s vs ∆σ
How can we measure and constrain anomalous parameters?

indirect measurement via e+e− → W +W− + X at LEP & ILC

[ALEPH, DELPHI, L3, OPAL, arXiv:hep-ex/0612034]

1 cross section is highly sensitive to gauge cancellations
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depicted in Fig. 3

[1](s)− 2me

�
[3]L(s) + [3]R(s)

�
= 0 , (18a)

[3]R(s) + [3]L(s)− [4]L(t) = 0 , (18b)
[2](s)− [3]R(s) = 0 , (18c)

where the subscripts denote the vertices’ couplings’ chi-
rality and the brackets embrace all couplings of the re-
spective graph.The Feynman graphs are functions of the
Mandelstam ivariable s = (p1 + p2)2 and t = (p1 − p3)2.

Plugging in the SM couplings and the propagators for
the quantum fields with canonical scaling dimension, we
realize quickly that gauge invariance and spontaneous
symmetry breaking enforces cancellation requirements of
Eq. (18) for s, t � mH . Particularly interesting for our
consideration is the requirement Eq. (18a). It becomes
becomes trivial in the chiral limit since mq, [1]→ 0, and,
for non-vanishing fermion masses, it relates the quark
mass to the gauge interactions.

V. THE MODEL

1. Gauge-Higgs sector

We will focus on a model with bulk gauge group
SU(2)L × SU(2)R × U(1)X [22]. Gauging the SU(2)R

is phenomenoglogically required to avoid large custodial
Isospin violation [23]. We introduce a bulk Higgs field
H, which transforms under the bi-fundamental represen-
tation of SU(2)L×SU(2)R with X charge zero [24]. can
then be arranged to trigger spontaneous SM-like bulk-
symmetry breaking SU(2)L × SU(2)R → SU(2)L+R,
while a UV boundary-localized potential controls the
Higgs UV boundary condition (see e.g. [6]). Further-
more, we reduce the field content on the UV brane to
the electroweak gauge group SU(2)R × U(1)X → U(1)Y

by choosing the appropriate Dirichlet boundary condi-
tions. These can effectively be realized by introducing
a boundary-localized Higgs mechanism in the decoupling
limit [25]. Color interactions are not important for our
purpose, and we will hencefore neglect (bulk) QCD in-
teractions except for trivial color factors contributing to
the numerical values of the cross sections.

2. Fermion sector

To account for a chiral low energy fermion spectrum,
that is going to participate in the gauge interactions we
have to introduce two 5d vector-like bulk fermions and
project to the low energy spectrum by boundary con-
ditions or, equally efficient, by assigning the repsective
orbifold parities.

We now move on to consider qq̄ → WW scattering
in the effective theory derived from the boundary ac-
tion of the soft wall set up with bulk gauge symmetry
SU(2)L × SU(2)R × U(1)X . We first have to construct

the effective interactions from the 5d action by integrat-
ing out the bulk according to Eq. (2). This gives rise to
operators with an arbitrary number of fields by insert-
ing bulk propagators as is shown in e.g. Fig. 4(c), whose
structure is determined by the 5d gauge theory. We fix
the underlying 5d parameters to recover the Thomson
limit for the qq̄A vertex. This fixes the photons’ inter-
action with all other fields, and hence their charge, but
does not affect the other couplings since the photon ex-
hibits a flat wavefunction, independent of the underlying
5d geometry. mention S,T Zbb!!! The effective vertices
can be determined along the lines of Sec. II. The func-
tional form of the Lagrangian is not important for our
purposes and we apply the method of Sec. II directly to
the computation of the scattering amplitude of massive
quarks qq̄ → WW to investigate the amplitude’s uni-
tarity behaviour to leading order approximation. The
Feynman graphs of Fig. 3 translates to amplitudes via
graphs analogous to Fig. 4(c).

VI. PHENOMENOLOGY

Appendix A: Gamma matrix conventions

In this paper we work with the mostly-minus conven-
tion for the metric gMN = diag(1,−1,−1,−1,−1). We
choose the Dirac matrices to be

γµ =
�

0 σµ

σ̄µ 0

�
, γ5 =

�
2 0
0 2

�
(A1)

with

{σ̄µ}µ=0,...,3 = {σµ}µ=0,...,3 = (− 2, σ
i) , (A2)

where the σi are the familiar Pauli matrices.
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FIG. 4: 4d effective vertices for (a) the WWZ interaction, (b)
the qQ̄W interaction, and (c) the effective four point inter-
action due to-bulk Higgs exchange, recovered from the pre-
scription of Eq. (2) in the soft wall geometry explained in
Fig. 1.

2 clean handle on final state particles’ helicities, polarized beams & e±γ option

3 systematics under excellent control, straightforward comparison of data against Monte Carlo,
e.g. RACOONWW [Denner, Dittmaier, Roth, Wackeroth ’01, ’02]

Single-Parameter Analyses

The results of single-parameter fits from each experiment are shown in Table 6.1, where the errors
include both statistical and systematic effects. The individual logL curves and their sum are shown
in Figure 6.1. The results of the combination are given in Table 6.2. A list of the systematic errors
treated as fully correlated between the LEP experiments, and their shift on the combined fit result
are given in Table 6.3.

Two-Parameter Analyses

Contours at 68% and 95% confidence level for the combined two-parameter fits are shown in Figure 6.2.
The numerical results of the combination are given in Table 6.4. The errors include both statistical
and systematic effects.

Parameter ALEPH DELPHI L3 OPAL

gZ
1 1.026+0.034

−0.033 1.002+0.038
−0.040 0.928+0.042

−0.041 0.985+0.035
−0.034

κγ 1.022+0.073
−0.072 0.955+0.090

−0.086 0.922+0.071
−0.069 0.929+0.085

−0.081

λγ 0.012+0.033
−0.032 0.014+0.044

−0.042 −0.058+0.047
−0.044 −0.063+0.036

−0.036

Table 6.1: The measured central values and one standard deviation errors obtained by the four LEP
experiments. In each case the parameter listed is varied while the remaining two are fixed to their
Standard Model values. Both statistical and systematic errors are included. The values given here
differ slightly from the ones quoted in the individual contributions from the four LEP experiments, as
a different combination method is used. See text in section 6.3 for details.

Parameter 68% C.L. 95% C.L.

gZ
1 0.991+0.022

−0.021 [0.949, 1.034]

κγ 0.984+0.042
−0.047 [0.895, 1.069]

λγ −0.016+0.021
−0.023 [−0.059, 0.026]

Table 6.2: The combined 68% C.L. errors and 95% C.L. intervals obtained combining the results from
the four LEP experiments. In each case the parameter listed is varied while the other two are fixed
to their Standard Model values. Both statistical and systematic errors are included.

83

[hep-ex/0612034]

COUPLINGS OF GAUGE BOSONS

TABLE 3.1
Results of the single parameter fits (1σ) to the different triple gauge couplings at the ILC for

√
s = 500 GeV

with L = 500 fb−1 and
√

s = 800 GeV with L = 1000 fb−1; Pe− = 80% and Pe+ = 60% has been used.

coupling error ×10−4

√
s = 500GeV

√
s = 800GeV

∆gZ
1 15.5 12.6

∆κγ 3.3 1.9
λγ 5.9 3.3

∆κZ 3.2 1.9
λZ 6.7 3.0
gZ
5 16.5 14.4

gZ
4 45.9 18.3

κ̃Z 39.0 14.3
λ̃Z 7.5 3.0

requires that gγ
1 = 1 and gγ

5 = 0 at zero momentum transfer. In the SM, one has gV
1 = κV = 1,

all other couplings are equal to zero. Among the different couplings g1, κ and λ are C- and
P-conserving, g5 is C and P-violating but CP-conserving while g4, κ̃, λ̃ violate CP symmetry.

Experimentally, the different types of couplings can be disentangled by analysing the
production angle distribution of the W boson and the W polarization structure which can
be obtained from the decay angle distributions. Anomalous WWγ and WWZ couplings give
similar signals in the final state distributions. However they can be disentangled easily at the
ILC using beam polarization. Because of the strong dominance of the left-handed electron
state, high polarization values are needed for this analysis. This can also be achieved by
increasing the effective polarization using polarized positron beams.

An analysis using a fast simulation has been performed at the two energies
√

s = 500GeV
and 800GeV [127] and the results for single parameter fits are shown in Table 3.1. For the
multi-parameter fits, the correlations are modest at

√
s = 800GeV so that the errors increase

by at most 20%, while at
√

s = 500GeV they are much larger and the errors increase by about
a factor two in the multi-parameter fit of the C,P conserving parameters. For the C or P
violating parameters, the correlations are small at both energies [127]. In scenarios in which
there is no Higgs boson and new strong interactions at high energies occur, the anomalous
triple gauge couplings translate into a mass scale for the new physics around 10TeV, i.e. far
beyond the energy where unitarity breaks down in this case [7].

Additional information on the triple gauge couplings can be obtained from the eγ and
γγ options of the ILC. In this case, only the WWγ couplings can be measured without
ambiguities from the WWZ couplings. It is often claimed that these options are particularly
sensitive because of the large cross sections and because the leading contributions depend on
the triple gauge couplings. However, in eγ→W−ν and γγ→W+W−, no gauge cancellations
occur so that the sensitivity is reduced. Detailed studies have shown that for the coupling
κγ , the e+e− mode is by far superior, while for the coupling λγ competitive results can be
obtained [128, 129]. Figure 3.3 compares the κγ and λγ measurements at different machines.
Particularly for the coupling κ which, because of its lower mass dimension is interesting to
study, the measurement at the ILC is an order of magnitude better than the one at the LHC.

II-44 ILC-Reference Design Report

[Menges, LC-PHSM-2001-022]σ(λγ = 0.035)/σSM ' 1.11

C. Englert – WZ+jet, Wγ+jet with anomalous couplings 20.03.2010 3/10



LHC vs ILC:
√

s vs ∆σ
How can we measure and constrain anomalous parameters?

direct measurement via pp, pp → W±γ + X at Tevatron & LHC

[D0, arXiv:0907.4952], [CDF, arXiv:0912.4500]

1 radiation zeros: Destructive interference for qQ̄ → gWγ in the SM for y?γ ≈ 0

[Baur, Han, Ohnemus ’93]
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⇒ impose jet veto to enhance sensitivity!?

NLO Wγ ⊕ NLO Wγj veto
pj

T ≥ 50 GeV incl. Wγj NLO
Mcfm pj

T ≥ 50 GeV incl. Wγ NLO

W−γj @ LHC

µR = µF = mW

pγ
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σhad are highly dynamical quantities: σWγ/σWγ+jet = O(1) @ LHC

... NNLO / resummed log contributions will significantly affect the jet veto performance.
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LHC vs ILC:
√

s vs ∆σ
How can we measure and constrain anomalous parameters?

direct measurement via pp, pp → W±γ + X at Tevatron & LHC

[Müller et al. ’00]

2 shape deviations

pT [GeV]

d!
/d

pT  [f
b/

10
G

eV
]

"         ]

"  
   

   
   

   
   

]

(d
!

N
LO

/d
pT )/(

d!
LO

/d
pT )

"  
   

   
   

   
   
")

d!LO/dpT             "

d!NLO/dpT               "

 (d!NLO/dpT)/(d!LO/dpT)                 "                "

pp ! W" +X ! l#" +X
BAUR et al. MC /  Standard Model / $s¬ = 14TeV

10
-5

10
-4

10
-3

10
-2

10
-1

1

0 200 400 600 800 1000
0

1

2

3

4

5

6
0 200 400 600 800 1000

pT
"  [GeV]

d!
/d

pT "
 [f

b/
10

G
eV

]

(d
!

N
LO

/d
pT "

)/(
d!

LO
/d

pT "
)

d!LO/dpT
"

d!NLO/dpT
"

 (d!NLO/dpT
" )/(d!

LO/dpT
" )

pp ! Z" +X ! l+l-" +X
BAUR MC /  Standard Modell / $s¬ = 14TeV10

-3

10
-2

10
-1

1

10

0 200 400 600 800 1000
0

1

2

3
0 200 400 600 800 1000

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

σhad is a highly dynamical quantity: σWγ/σWγ+jet = O(1) @ LHC

... NNLO / leading log contributions will significantly affect the jet veto performance at the LHC.
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Status of charged anomalous WWV couplings
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FIG. 2: Leading-lepton pT distribution for data compared to
the SM expectation. Also shown is how the expectation would
be modified by anomalous couplings near the observed limits.

TABLE II: Expected and observed limits on anomalous
TGCs. For each coupling limit set, the two other couplings
are fixed at their SM values. Values of the couplings outside of
the given observed range are excluded at the 95% confidence
level.

Λ (TeV) λZ ∆gZ
1 ∆κγ

Expected 1.5 (-0.05,0.07) (-0.09,0.17) (-0.23,0.31)
Observed 1.5 (-0.16,0.16) (-0.24,0.34) (-0.63,0.72)
Expected 2.0 (-0.05,0.06) (-0.08,0.15) (-0.20,0.27)
Observed 2.0 (-0.14,0.15) (-0.22,0.30) (-0.57,0.65)

observed 95% confidence limits, shown in Table II, are
weaker than expected. The probability of observing these
limits in the presence of only standard model W+W−

production ranges from 7.1% to 7.6% depending on the
coupling constants (λZ , gZ

1 , κγ).
In summary, the W+W− production cross section has

been measured in pp̄ collisions at
√

s = 1.96 TeV from
reconstructed events in the dilepton final state using a
likelihood ratio formed from matrix-element-based event
probabilities. This result is the most precise measure-
ment at this energy with an overall uncertainty of less
than 15%. The same event sample is also used to per-
form the most sensitive probe to date at this energy of
anomalous WWZ and WWγ couplings. The leading-
lepton pT distribution of the sample is found to be in
moderate agreement with the SM expectation and used
to place limits on anomalous triple gauge couplings.
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TABLE I: One-dimensional χ2 minimum and 68% and 95%
C.L. allowed intervals on anomalous values of WWγ and
WWZ TGCs. Note that µW and qW are in units of (e/2MW )
and (e/M2

W ) respectively.

Results respecting SU(2)L ⊗ U(1)Y symmetry
Parameter Minimum 68% C.L. 95% C.L.
∆κγ 0.07 [−0.13, 0.23] [−0.29, 0.38]
∆gZ

1 0.05 [−0.01, 0.11] [−0.07, 0.16]
λ 0.00 [−0.04, 0.05] [−0.08, 0.08]

µW 2.02 [1.93, 2.10] [1.86, 2.16]
qW −1.00 [−1.09,−0.91] [−1.16,−0.84]

Results for equal-couplings
Parameter Minimum 68% C.L. 95% C.L.
∆κ 0.03 [−0.04, 0.11] [−0.11, 0.18]
λ 0.00 [−0.05, 0.05] [−0.08, 0.08]

µW 2.02 [1.94, 2.09] [1.88, 2.15]
qW −1.02 [−1.09,−0.94] [−1.16,−0.87]

try, our measurements with 68% C.L. allowed intervals
of κγ = 1.07+0.16

−0.20, λ = 0.00+0.05
−0.04 and gZ

1 = 1.05+0.06
−0.06

are only factors of approximately 2 – 3 times less sen-
sitive than the combined results from the four LEP2
experiments: κγ = 0.973+0.044

−0.045, λ = −0.028+0.020
−0.021 and

gZ
1 = 0.984+0.022

−0.019, also at 68% C.L. [6]. Furthermore,
with only 1 fb−1 of data our sensitivity is comparable to
that of an individual LEP2 experiment [7, 20, 21, 22].

We also extract measurements of the W boson mag-
netic dipole and electric quadrupole moments. When
respecting SU(2)L ⊗ U(1)Y symmetry with gZ

1 =1 we

measure 68% C.L. intervals (one-dimensional with the
other parameter held at its SM value) of µW =
2.02+0.08

−0.09 (e/2MW ) and qW = −1.00 ± 0.09 (e/M2
W ),

respectively. The most stringent previously pub-
lished result is µW = 2.22+0.20

−0.19 (e/2MW ) and qW =
−1.18+0.27

−0.26 (e/M2
W ) from the DELPHI Collaboration [7].

In summary, we presented measurements of anoma-
lous WWγ and WWZ trilinear gauge couplings and re-
lated W boson magnetic dipole and electric quadrupole
moments based on the combination of four diboson pro-
duction and decay channels using 0.7−1.1 fb−1 of data
collected with the D0 detector at the Fermilab Tevatron
Collider. While many of the measurements considered
in this combination are limited by statistics, projections
indicate that a combination of CDF and D0 data with
5 fb−1 each will improve the sensitivity to levels compa-
rable or better than the combined LEP2 limits.
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Single-Parameter Analyses

The results of single-parameter fits from each experiment are shown in Table 6.1, where the errors
include both statistical and systematic effects. The individual logL curves and their sum are shown
in Figure 6.1. The results of the combination are given in Table 6.2. A list of the systematic errors
treated as fully correlated between the LEP experiments, and their shift on the combined fit result
are given in Table 6.3.

Two-Parameter Analyses

Contours at 68% and 95% confidence level for the combined two-parameter fits are shown in Figure 6.2.
The numerical results of the combination are given in Table 6.4. The errors include both statistical
and systematic effects.

Parameter ALEPH DELPHI L3 OPAL

gZ
1 1.026+0.034

−0.033 1.002+0.038
−0.040 0.928+0.042

−0.041 0.985+0.035
−0.034

κγ 1.022+0.073
−0.072 0.955+0.090

−0.086 0.922+0.071
−0.069 0.929+0.085

−0.081

λγ 0.012+0.033
−0.032 0.014+0.044

−0.042 −0.058+0.047
−0.044 −0.063+0.036

−0.036

Table 6.1: The measured central values and one standard deviation errors obtained by the four LEP
experiments. In each case the parameter listed is varied while the remaining two are fixed to their
Standard Model values. Both statistical and systematic errors are included. The values given here
differ slightly from the ones quoted in the individual contributions from the four LEP experiments, as
a different combination method is used. See text in section 6.3 for details.

Parameter 68% C.L. 95% C.L.

gZ
1 0.991+0.022

−0.021 [0.949, 1.034]

κγ 0.984+0.042
−0.047 [0.895, 1.069]

λγ −0.016+0.021
−0.023 [−0.059, 0.026]

Table 6.2: The combined 68% C.L. errors and 95% C.L. intervals obtained combining the results from
the four LEP experiments. In each case the parameter listed is varied while the other two are fixed
to their Standard Model values. Both statistical and systematic errors are included.
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[ALEPH, DELPHI, L3, OPAL, arXiv:hep-ex/0612034]
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Turning the vetoed contribution into an
additional measurement

[Campanario, CE, Spannowsky ’10], [Campanario, CE, Spannowsky, Zeppenfeld, ’09]

pp → W (γZ ) + jet + X is large:
new partonic channels enter the game!

Can we use of it instead of excluding it?
If yes we could constrain TGC from inclusive
measurements← perturbative QCD

Improved perturbative precision is mandatory!
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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].
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Figure 4.5: Scale dependence of the leading order and next-to-leading order W −γj cross

sections at the LHC for different dynamical scales and δ0 = 1.0.

matical effect: At the LHC the proton is probed at very small momentum fractions
x ∼ 0.01 in Wγj production (see below). While the involved mass scales are not too
large to make extra QCD radiation naively probable, the αs-suppression is consider-
ably compensated by accessing the proton’s high gluon luminosity at small momentum
fractions xa,b with the two parton-final state contribution. This is also the reason why
the two-jet rate is not lower than about one-half the one-jet rate, comparing Tabs. 3.1
and 3.2.

The overall qualitative features of the Wγj cross section are rather independent of
the selection cuts of (4.1)-(4.2). Increasing e.g. the scale of the jet pT at the LHC
in (4.2a) leads to a kinematically decreased available phase space for the real emission
compared to LO. As a result, the cross section slowly stabilizes artificially at lower
total rates, fig. 4.4. Fig. 4.5 gives a comparison of dynamical scale choices µF = µR for
W−γj production, with typical scales inherent to the process. Again, the qualitative
behavior of fig. 4.1 is reproduced, which underlines the conclusion that the inclusive
NLO cross section is dominated by the contribution of additional parton emission and
not by large logarithms from bad scale choices. For scaling parameters ξ = 1 the LO-
and NLO-uncertainties due to the different dynamical scales are about 6%.

The totally different cross section’s scale dependence at the Tevatron, fig. 4.2 is pre-
dominantly due to lowering the available center-of-mass energy at fixed final state mass
scales. The proton is probed at large values of x ∼ 0.2, rendering quark induced chan-
nels dominating. Additional jet radiation for the chosen selection cuts is suppressed, so
that the scale dependence decreases from 23% at LO to about 8% at NLO QCD when
varying µR = µF again by a factor two around 100 GeV.

4.3 Photon isolation and differential distributions

In figs. 4.6 and 4.7, we compare distinct photon isolation criteria based on (2.42) with
different choices for the characteristic energy scale E . Representative dynamical scales

δ0 = 1.0

σNLO [fb] σNLO/σLO µ = 100 GeV
W−γj 615.3± 2.8 1.491 inclusive
W +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!

Introduction NLO calculations Wγ+jet, WZ+jet

C. Englert – Recent results in diboson (+jet) phenomenology 09.11.2010 16/23

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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Numerical calculation, implementation and checks

Catani-Seymour dipole subtraction

semi-automized FORTRAN code set up

cross & gauge checks

optimization, cache systems

redundant calculations, . . .

[ VBFNLO: Arnold et al. ’08], update soon
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Turning the vetoed contribution into an
additional measurement

[Campanario, CE, Spannowsky ’10], [Campanario, CE, Spannowsky, Zeppenfeld, ’09]

differential QCD correction necessary to reach quantitative results from dσ/dpγT
for optimized cuts

72 4.3 Photon isolation and differential distributions
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Figure 4.12: Leading order and next-to-leading order distributions of the maximum trans-
verse jet momentum (left panel) and the photon transverse momentum (right panel), including
the respective differential k factors. The horizontal dashed lines display the corresponding
ktot.
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Figure 13: Inclusive NLO QCD distributions of the photon transverse momentum in anomalous
pp → e−ν̄eγj + X at the LHC for different parameters κ0, λ0 that are consistent with the LEP
bounds. We choose dipole form factors n = 2 and a cutoff scale Λ = 2 TeV [10, 18]. The width of
the SM curve represents the SM scale uncertainty that results from varying µR = µF around the
central scale of 100 GeV by a factor two.

This cut effectively mimics “genuine” Wγ events with additional hadronic activity. Given
the hard pT requirements, this selection criterion can be replaced by a cut on |φ"γ| or ∆R"γ

without qualitatively changing the phenomenology (see also Figs. 7 and 8). The resulting
variation of the integrated W−γ + jet cross section for parameters (∆κ0, λ0) in the range of
Eq. (22) is of order 10%, Fig. 12. Comparing this variation to the uncertainty inherent to the
SM expectation at the given order of perturbation theory, which, e.g., yields σ # 60.6 fb for
µR = µF = 50 GeV, we see that the cross sections’ increase due to the anomalous couplings
is compatible with the SM NLO scale uncertainty, signaling a vanishing sensitivity of the
total rate to ∆κ0, λ0.

This, however, does not hold for differential distributions at large momentum transfers,
e.g. for the pγ

T spectrum, which receives large anomalous couplings-induced modifications
of the distribution’s tail. The altered spectrum is well outside the SM-uncertainty band
for larger values of (∆κ0, λ0), with a particular sensitivity to λ0. Remember that λ0 dials
the dimension six operator in Eq. (8), which is not present in the SM. The characteristic
enhancement vanishes when the anomalous parameters approach their SM values, and the
shape deviations become comparable to the distribution’s uncertainty. The larger cross
section at large pγ

T compared to the SM translates into an increased cross section for the Wγ
back-to-back configurations, which is also visible in the pseudorapidity differences at small
separation, Fig. 14. The anomalous couplings’ impact on this distribution is qualitatively
different from the QCD corrections, which exhibit K(pγ

T ) < K for large pγ
T . Therefore,

the NLO cross section at small rapidity differences is smaller than the NLO-normalized LO
distributions suggests, Fig. 7. Yet, the NLO uncertainty from integrating over the small
pT configurations cover the anomalous couplings effect entirely, already by varying the scale
within a small intervall, as indicated in Fig. 14. Given the residual anomalous couplings-
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respect to the SM, so that its increase from QCD cor-
rections is less significant. This implies that the NLO
QCD corrections decrease the sensitivity to anomalous
couplings.

Confronting the non-SM cross sections with the per-
turbative uncertainty of O(10%) for SM-like production,
Fig. 1, it is apparent that for our inclusive cuts the impact
of the anomalous couplings entirely drowns in the resid-
ual QCD scale uncertainty at NLO. In Fig. 1, we also
plot the scale variation for the intrinsic scale max p!

T ,
which is via Eq. (7), related to the characteristic scale
of the anomalous couplings. Even for hard events with
max p!

T ! 150 GeV, the impact of the anomalous pa-
rameters is not apparent, which also explains the small
percent-level deviations of the NLO cross section over the
allowed parameter range in Fig. 3. The vanishing sensi-
tivity arises from only small momentum transfers in the
anomalous trilinear vertices due to our selection criteria:
the jets recoil predominantly against the collinear WZ
pair, which is an anomalous couplings-insensitive kine-
matical configuration. A straightforward way to induce
considerably larger momentum transfers while reducing
the contributions from anomalous couplings-insensitive
graphs, where both the W boson and the Z boson couple
to the quark legs, is therefore requiring a large separation
of the identically charged decay leptons. Note, that this
reflects the kinematics of exclusive diboson production
with the W and Z recoiling against each other at LO. A
convenient choice is

R!±!′± ≥ 1.5 . (13)

While the cross section decreases by approximately 20%,
Fig. 5 reveals cross section deviations due to anomalous
couplings of order 5% compared to the SM. Although
this is still comparable to the cross section’s scale de-
pendence plotted in Fig. 7, its increase compared to the
SM entirely results from the large-p!

T phase space region,
Fig. 8. In this region, we find substantial deviations in
the max p!

T shape, which can be well outside the SM scale
uncertainty for larger values of the anomalous couplings.
Hence, provided a sufficiently large momentum transfer
in the anomalous vertices, the WZ+jet production which
is vetoed in pp → WZ analysis, exhibits potential sen-
sitivity to anomalous couplings via fits to the pT distri-
butions. However, the total cross section becomes tiny
and the sensitivity to anomalous couplings decreases by
including the NLO corrections as can be inferred from
Figs. 4 and 6.

To this end, it is worthwhile to briefly comment on
one-jet exclusive WZ + jet production. In particular,
it has been shown that the exclusive diboson+jet cross
sections are seemingly stable. In [10], however, it was
also shown that applying an additional fixed-pT jet veto
on the second reconstructed jet at NLO yields a poor
perturbative reliability. In particular, applying such a
veto can lead to negative bins already for modest scales
of about 100 GeV. Indeed, this is the phase space region
where anomalous couplings give rise to well-pronounced
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FIG. 8: NLO inclusive distribution of the leptons’ maxi-
mum transverse momentum max p!

T for various values of the
anomalous couplings. The anomalous parameters which are
not quoted are chosen to be zero. The solid line lies within
the SM uncertainty band, and the plotted distributions are
affected by scale uncertainty bands of equal width. For the
shown distributions we have applied the cut of Eq. (13).

deviations from the SM phenomenology (Eq. (7)) at LO.
Hence, perturbation theory forces us to consider inclusive
production to give reliable predictions at NLO; for our
inclusive cut choices with respect to hadronic activity
our numerical results are not affected by the mentioned
pathologies and can be considered stable except for the
residual scale uncertainty of about 10%.

IV. SUMMARY

We have discussed the impact of anomalous trilinear
couplings on NLO QCD W−Z + jet production at the
LHC, including leptonic decays. We do not find any
significant deviations of differential cross sections, unless
we induce sufficiently large momentum transfers in the
trilinear vertices. This can be realized by requiring
back-to-back WZ pairs. The resulting modifications
are characterized by large transverse momenta, and are
well-outside the SM scale uncertainty that is intrinsic
to our NLO QCD computation for large values of the
anomalous couplings in the allowed range by LEP.
In general we find that the differential cross sections’
sensitivity to anomalous couplings decreases when
including inclusive NLO corrections (Figs. 4 and 6),
while the QCD corrections do not exhibit any particular
dependence on the anomalous parameters. Performing
precise measurements in a full hadronic environment,
for which our calculation is relevant, requires a careful
analysis, taking into account all systematic effects,
ranging from showering to detector effects. This is
clearly beyond the scope of our calculation. Our Monte
Carlo code will be publicly available with an upcoming
update of Vbfnlo.
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Is this of any help?
W+jets background negligible to first approximation

jet fakes γ � 10−5 for large pγT ≥ 100 GeV

[Escalier et al. , ATL-PHYS-PUB-2005-018]

binned log-likelihood analysis, “simple hypothesis test” à la LEPHWG
[Barate et al. ’03]

include perturbative shape uncertainty of the SM hypothesis as a nuisance
parameter and compute confidence levels [CE, Spannowsky, in progress]
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κγ = 0, λγ = 0.035 σ = 3 : 25 fb−1

σ = 5 : 50 fb−1
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Summary

LEP’s legacy implies a serious challenge for TGC searches at the LHC, Tevatron
(direct) bounds are comparable

LHC’s energy bump will allow us to further constrain TGCs, however limits will be
set by intrinsic uncertainties and our understanding of QCD

(jet energy scales, perturbative uncertainty, . . . )

one jet-inclusive contribution has a residual dependence on anomalous couplings
we can use

sensitivity at a new level is predominantly ILC business
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