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Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.

2 4 6 8 10 12 14 16 18
Log10(Q/GeV)

0

10

20

30

40

50

60

α
-1

U(1)

SU(2)

SU(3)

This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
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18 10. Electroweak model and constraints on new physics

0.2403 ± 0.0013, and established the scale dependence of the weak mixing angle (see
Fig. 10.3) at the level of 6.4 standard deviations. One can also define the so-called weak
charge of the electron (cf. Eq. (10.32) below) as QW (e) ≡ −2 C2e = −0.0403 ± 0.0053
(the implications are discussed in Ref. 133).

Figure 10.3: Scale dependence of the weak mixing angle defined in the MS

scheme [132] (for the scale dependence of the weak mixing angle defined in a
mass-dependent renormalization scheme, see Ref. 133). The minimum of the curve
corresponds to Q = MW , below which we switch to an effective theory with the
W± bosons integrated out, and where the β-function for the weak mixing angle
changes sign. At the location of the W boson mass and each fermion mass there
are also discontinuities arising from scheme dependent matching terms which are
necessary to ensure that the various effective field theories within a given loop
order describe the same physics. However, in the MS scheme these are very small
numerically and barely visible in the figure provided one decouples quarks at
Q = m̂q(m̂q). The width of the curve reflects the theory uncertainty from strong
interaction effects which at low energies is at the level of ±7×10−5 [132]. Following
the estimate [135] of the typical momentum transfer for parity violation experiments
in Cs, the location of the APV data point is given by µ = 2.4 MeV. For NuTeV we
display the updated value from Ref. 134 and chose µ =

√
20 GeV which is about

half-way between the averages of
√

Q2 for ν and ν interactions at NuTeV. The
Tevatron measurements are strongly dominated by invariant masses of the final
state dilepton pair of O(MZ) and can thus be considered as additional Z pole data
points. However, for clarity we displayed the point horizontally to the right. Similar
remarks apply to the first measurement at the LHC by the CMS collaboration.
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off-shell Drell-Yan
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varying scale of new physics

3% 2%

1%

0.5%

0.1%

da1êa1
m = 3 TeV

0.5 1.0 1.5 2.0 2.5
0

2

4

6

8

10

1

2
*

3

4

Mx @TeVD

Db1

5%
3%

2%

1%

0.5%

0.1%

da2êa2
m = 3 TeV

0.5 1.0 1.5 2.0 2.5
0

2

4

6

8

10

2

3

4

5

*

Mx @TeVD

Db2

deviation from SM



3.  Drell-Yan at the LHC



Drell-Yan measurements
30 5 Results and discussion
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Figure 5: Combined DY differential cross section measurement in the dimuon and dielectron
channels normalized to the Z-peak region with the FSR effect taken into account. The data
point abscissas are computed according to Eq. (6) in Ref. [48]. Including the correlations be-
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results is 1.1 between data and the theoretical expectation, with 40 degrees of freedom. The
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5.2 Double-differential cross section d2s/dm d|y| measurement

The result of the double-differential cross section measurement for the dimuon channel is pre-
sented as the following ratio:
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eijrij

,
Nnorm

u
enormrnorm . (19)

The quantities Nij
u , eij, rij are defined in a given bin (i, j), with i corresponding to the binning

in invariant mass, and j corresponding to the binning in absolute rapidity; Nnorm
u , enorm, and
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Figure 3: Measured differential cross-section at the Born level within the fiducial region (electron pT > 25 GeV and |η| < 2.5) with statistical,
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is compared to FEWZ 3.1 calculations at NNLO QCD with NLO electroweak corrections using the Gµ electroweak parameter scheme. The
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PDF, αs, renormalisation and factorisation scale, and photon-induced uncertainties is drawn. The lower ratio plot shows the influence of the
photon-induced corrections on the MSTW2008 prediction, the uncertainty band including only the PDF, αs and scale uncertainties. On the
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Figure 1: Distribution of mee in data compared to the summed
signal and background predictions, where the bin width is constant in
log(mee). The Drell-Yan signal is predicted from PYTHIA simulation
and the combined dijet and W+jets contribution is estimated from
data as described in the text. The dashed vertical lines indicate the
mass range used for the differential cross-section measurement.

ET thresholds in the range 20–240 GeV. In each of these
jet-triggered samples, the fake rate is calculated as the
fraction of electron candidates passing the “loose” identi-
fication requirement that also pass the “medium” require-
ment. Events containing electron candidates from W or Z
boson decays are first removed by dedicated cuts in order
to avoid bias from real electron contamination: W can-
didates are rejected by requiring low missing transverse
energy and low transverse mass; and Z candidates are re-
jected if they contain two “medium” electrons. A weighted
average of the fake rates obtained from the nine jet samples
is then calculated. To estimate the total dijet plus W+jets
background, a factor derived from the averaged fake rate
is applied to events that pass the signal selection but with
one or both electron candidates passing the “loose” iden-
tification requirement and failing the “medium” require-
ment.
The only other significant backgrounds arise from the

dileptonic decays of pair-produced top quarks (tt̄) and
from diboson production processes. These contributions
account for up to 5% and 9% of the selected events, respec-
tively, and are estimated from MC simulation. The overall
level of agreement between data and the sum of the MC
signal and background predictions (scaled to 4.9 fb−1) and
the data-driven background component is shown in Fig. 1.

5. Cross-section measurement

The differential cross-section, dσ/dmee, is measured in
13 bins of mee from 116 GeV to 1500 GeV in a fiducial
region in which both electrons have transverse momentum
pT > 25 GeV and lie within |η| < 2.5. The cross-section

and fiducial region are determined for two conventions re-
garding QED FSR corrections. For the Born-level result,
the true (meaning without detector simulation) mee and
electron kinematics are defined by the electrons originat-
ing from the Z/γ∗ decay before FSR. At the dressed level,
true final-state electrons after FSR are recombined with
radiated photons within a cone of ∆R = 0.1.
The cross-section is calculated from

dσ

dmee
=

Ndata −Nbkg

CDY Lint

1

Γbin
, (1)

where Ndata is the number of candidate events observed
in a given bin of mee (of width Γbin), Nbkg is the total
background in that bin and Lint is the integrated lumi-
nosity. The correction factor, CDY, takes into account
the efficiency of the signal selection and bin migration ef-
fects. It also includes the small extrapolation (about 10%
to 13%) over the small region in |η| that is excluded for
reconstructed electron candidates (1.37 < |η| < 1.52 and
2.47 < |η| < 2.5). The correction factor is defined as
the number of MC-generated events that pass the signal
selection in a bin of reconstructed mee, divided by the
total number of generated events within the fiducial re-
gion, at the Born or dressed level, in the corresponding
bin of true mee. It is obtained from the PYTHIA MC signal
sample and corrected for differences in the reconstruction,
identification and trigger efficiencies between data and MC
simulation. The value of CDY varies from 0.55 (0.57) in
the lowest bin to 0.70 (0.73) in the highest bin at the Born
(dressed) level.
The mee resolution varies from approximately 3% at low

mee to 1% at high mee. The purity, defined as the fraction
of simulated events reconstructed in a given mee bin that
have true mee in the same bin, ranges from 79% (82%) to
98% (98%) at the Born (dressed) level.

6. Systematic uncertainties

The main contributions to the systematic uncertainties
are given in Table 1 and described below.

Background estimation. In the estimation of the dominant
dijet and W+jets background, a systematic uncertainty of
11% is assigned to the ET- and η-dependent fake rate, cor-
responding to the spread of this quantity as measured in
the nine independent jet samples, in order to cover any
possible bias introduced in the triggering of these back-
ground events. A further uncertainty on the fake rate of
up to 11% arises due to the presence of remaining signal
contamination in the background-enriched sample.
The total systematic uncertainty on the fake rate com-

bines with a smaller effect (around 5%) from signal con-
tamination in the sample where the fake rate is applied,
to give a total uncertainty on the resulting background
estimate of up to 16%. An additional systematic uncer-
tainty can arise if the fake rate differs for different sources
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Figure 3: Measured differential cross-section at the Born level within the fiducial region (electron pT > 25 GeV and |η| < 2.5) with statistical,
systematic, and combined statistical and systematic (total) uncertainties, excluding the 1.8% uncertainty on the luminosity. The measurement
is compared to FEWZ 3.1 calculations at NNLO QCD with NLO electroweak corrections using the Gµ electroweak parameter scheme. The
predictions include an additional small correction from single-boson production in which the final-state charged lepton radiates a real W or
Z boson. On the left, in the upper ratio plot, the photon-induced (PI) corrections have been added to the predictions obtained from the
MSTW2008, HERAPDF1.5, CT10, ABM11 and NNPDF2.3 NNLO PDFs, and for the MSTW2008 prediction the total uncertainty band arising from the
PDF, αs, renormalisation and factorisation scale, and photon-induced uncertainties is drawn. The lower ratio plot shows the influence of the
photon-induced corrections on the MSTW2008 prediction, the uncertainty band including only the PDF, αs and scale uncertainties. On the
right, the results are shown for a restricted range of mee.
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ATLAS Drell-Yan

mee [GeV] dσ
dmee

(Born) dσ
dmee

(dressed) Stat. err. [%] Syst. err. [%]

116–130 2.24 ×10−1 2.15 ×10−1 1.1 4.2

130–150 1.02 ×10−1 9.84 ×10−2 1.4 4.3

150–170 5.12 ×10−2 4.93 ×10−2 2.0 4.6

170–190 2.84 ×10−2 2.76 ×10−2 2.7 4.7

190–210 1.87 ×10−2 1.82 ×10−2 3.0 5.3

210–230 1.07 ×10−2 1.04 ×10−2 4.4 6.1

230–250 8.23 ×10−3 7.98 ×10−3 5.2 5.9

250–300 4.66 ×10−3 4.52 ×10−3 4.3 5.8

300–400 1.70 ×10−3 1.65 ×10−3 5.1 5.9

400–500 4.74 ×10−4 4.58 ×10−4 9.4 6.3

500–700 1.46 ×10−4 1.41 ×10−4 11 5.7

700–1000 2.21 ×10−5 2.13 ×10−5 24 7.5

1000–1500 2.88 ×10−6 2.76 ×10−6 50 9.8

Table 2: Measured differential cross-sections dσ
dmee

(in pb/GeV) at

the Born and dressed levels for DY production of e+e− pairs in the
fiducial region (electron pT > 25 GeV and |η| < 2.5) with statis-
tical (stat.) and systematic (syst.) uncertainties in %. The 1.8%
luminosity uncertainty is not included.

shape difference between data and the PYTHIA simulation.
This is conservatively added as a systematic uncertainty
on the cross-section in all mee bins.

Trigger efficiency. Scale factors to account for the dif-
ference in the EM signal-trigger efficiency between data
and simulation are obtained by measuring the efficiency in
data and MC events using a tag-and-probe method. The
Z → e+e− events are tagged by selecting events passing a
single-electron trigger, thus providing one electron probe
free of trigger bias to test against the signal-trigger re-
quirements. The scale factors are very close to unity, and
the effect on the cross-section of varying them within their
systematic uncertainties is approximately 1%.

MC statistics and MC modelling. The finite number of
events in the MC samples from which the CDY factor is
derived contribute an uncertainty of up to 2.4% on CDY

and the computed cross-section. Systematic uncertainties
are associated with the use of the K-factors and with the
reweighting of the PYTHIA signal MC events in order to
better match the transverse momentum distribution of the
Z bosons and the mean number of interactions per bunch
crossing in the data. The effect of a further reweighting of
the vertex position distribution in the z direction, not ap-
plied by default when calculating CDY, is also taken as an
uncertainty. These uncertainties enter into the calculation
of CDY and result in an overall uncertainty on the cross-
section of less than 1%. Excellent agreement in the FSR
predictions between PHOTOS and SANC [35, 36] has been
shown [37] and uncertainties related to the modelling of
the detector response to low-energy photons from FSR are
negligible.

Theoretical uncertainties. Several theoretical uncertain-
ties apply to the extrapolation of the cross-section in |η|

from the measured region to the fiducial region and thus
contribute to an additional uncertainty on CDY. To evalu-
ate the effect of the choice of PDF, the calculation of CDY

using PYTHIA with its default PDF (MRSTMCal) is com-
pared to that obtained after reweighting to CT10 (NLO)
and HERAPDF1.5 [38] (NLO). The largest difference be-
tween the reweighted results and the default is taken as
the systematic uncertainty, and amounts to 0.2%. A fur-
ther systematic uncertainty is calculated using the MC@NLO
sample reweighted to the 52 CT10 eigenvector error sets,
the result being 0.5% at most. Finally, comparisons are
made between PYTHIA reweighted to the CT10 PDF and
MC@NLO (which uses as default CT10), and cross-checked
using FEWZ 2.1 at NLO using the CT10 PDF. The effect
is at most 0.3%. These systematic uncertainties, which
each have a different dependence on mee, are added in
quadrature and together give a 0.2–0.5% uncertainty on
the cross-section.

The contributions from the above sources of system-
atic uncertainty to the uncertainty on the measured cross-
section are summarised in Table 1 for the lowest and high-
est bin in the mee range considered. The overall system-
atic uncertainty, excluding the luminosity uncertainty of
1.8% [39], rises from 4.2% in the lowest mee bin to 9.8%
in the highest mee bin. The data statistical uncertainties
increase from 1.1% to 50%.

7. Results and comparison to theory

The cross-sections obtained in the fiducial region (elec-
tron pT > 25 GeV and |η| < 2.5) at the Born and dressed
levels are given in Table 2. The difference between the two
results is at most 4%. The precision of the measurement
is limited by the statistical uncertainty on the data for
mee > 400 GeV.
Fig. 2 shows the results at the dressed level, where they

are compared to the predictions from PYTHIA, MC@NLO and
SHERPA. No corrections have been applied to the generator-
level predictions; instead, the prediction of each genera-
tor has been scaled globally to match the total number of
events observed in data. The resulting scale factors are
1.23 for PYTHIA, 1.08 for MC@NLO and 1.39 for SHERPA. As
expected, the only prediction at NLO in pQCD, from the
MC@NLO generator, yields the scale factor closest to unity.
The overall shape of the mee distribution from all three
generators is consistent with the data.
Fig. 3 shows the differential cross-section at the Born

level compared to calculations in the FEWZ 3.1 framework
using various recent NNLO PDFs. The FEWZ 3.1 frame-
work allows the (N)NLO QCD corrections to lepton pair
production to be combined with the NLO electroweak cor-
rections. It has been verified at NLO in QCD that the
choice of electroweak scheme, Gµ or α(mZ) as introduced
in Ref. [40], has an effect of at most 0.4% on the calcu-
lated cross-section after applying NLO electroweak cor-
rections. The electroweak-corrected NNLO QCD predic-
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Figure 1: Distribution of mee in data compared to the summed
signal and background predictions, where the bin width is constant in
log(mee). The Drell-Yan signal is predicted from PYTHIA simulation
and the combined dijet and W+jets contribution is estimated from
data as described in the text. The dashed vertical lines indicate the
mass range used for the differential cross-section measurement.

ET thresholds in the range 20–240 GeV. In each of these
jet-triggered samples, the fake rate is calculated as the
fraction of electron candidates passing the “loose” identi-
fication requirement that also pass the “medium” require-
ment. Events containing electron candidates from W or Z
boson decays are first removed by dedicated cuts in order
to avoid bias from real electron contamination: W can-
didates are rejected by requiring low missing transverse
energy and low transverse mass; and Z candidates are re-
jected if they contain two “medium” electrons. A weighted
average of the fake rates obtained from the nine jet samples
is then calculated. To estimate the total dijet plus W+jets
background, a factor derived from the averaged fake rate
is applied to events that pass the signal selection but with
one or both electron candidates passing the “loose” iden-
tification requirement and failing the “medium” require-
ment.
The only other significant backgrounds arise from the

dileptonic decays of pair-produced top quarks (tt̄) and
from diboson production processes. These contributions
account for up to 5% and 9% of the selected events, respec-
tively, and are estimated from MC simulation. The overall
level of agreement between data and the sum of the MC
signal and background predictions (scaled to 4.9 fb−1) and
the data-driven background component is shown in Fig. 1.

5. Cross-section measurement

The differential cross-section, dσ/dmee, is measured in
13 bins of mee from 116 GeV to 1500 GeV in a fiducial
region in which both electrons have transverse momentum
pT > 25 GeV and lie within |η| < 2.5. The cross-section

and fiducial region are determined for two conventions re-
garding QED FSR corrections. For the Born-level result,
the true (meaning without detector simulation) mee and
electron kinematics are defined by the electrons originat-
ing from the Z/γ∗ decay before FSR. At the dressed level,
true final-state electrons after FSR are recombined with
radiated photons within a cone of ∆R = 0.1.
The cross-section is calculated from

dσ

dmee
=

Ndata −Nbkg

CDY Lint

1

Γbin
, (1)

where Ndata is the number of candidate events observed
in a given bin of mee (of width Γbin), Nbkg is the total
background in that bin and Lint is the integrated lumi-
nosity. The correction factor, CDY, takes into account
the efficiency of the signal selection and bin migration ef-
fects. It also includes the small extrapolation (about 10%
to 13%) over the small region in |η| that is excluded for
reconstructed electron candidates (1.37 < |η| < 1.52 and
2.47 < |η| < 2.5). The correction factor is defined as
the number of MC-generated events that pass the signal
selection in a bin of reconstructed mee, divided by the
total number of generated events within the fiducial re-
gion, at the Born or dressed level, in the corresponding
bin of true mee. It is obtained from the PYTHIA MC signal
sample and corrected for differences in the reconstruction,
identification and trigger efficiencies between data and MC
simulation. The value of CDY varies from 0.55 (0.57) in
the lowest bin to 0.70 (0.73) in the highest bin at the Born
(dressed) level.
The mee resolution varies from approximately 3% at low

mee to 1% at high mee. The purity, defined as the fraction
of simulated events reconstructed in a given mee bin that
have true mee in the same bin, ranges from 79% (82%) to
98% (98%) at the Born (dressed) level.

6. Systematic uncertainties

The main contributions to the systematic uncertainties
are given in Table 1 and described below.

Background estimation. In the estimation of the dominant
dijet and W+jets background, a systematic uncertainty of
11% is assigned to the ET- and η-dependent fake rate, cor-
responding to the spread of this quantity as measured in
the nine independent jet samples, in order to cover any
possible bias introduced in the triggering of these back-
ground events. A further uncertainty on the fake rate of
up to 11% arises due to the presence of remaining signal
contamination in the background-enriched sample.
The total systematic uncertainty on the fake rate com-

bines with a smaller effect (around 5%) from signal con-
tamination in the sample where the fake rate is applied,
to give a total uncertainty on the resulting background
estimate of up to 16%. An additional systematic uncer-
tainty can arise if the fake rate differs for different sources
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4.  Drell-Yan at 100 TeV
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Drell-Yan at 100 TeV
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measuring the sign of β2

reject positive sign with significance:
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limits on specific particles
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• determine cuts to suppress reducible backgrounds

• EW radiation: veto or use as extra handle?

things to do



things to do

• improve understanding of photon PDF to tame 
uncertainty on photon-initiated Drell-Yan

Figure 9: Feynman diagrams for the Born-level partonic subprocesses which contribute to
the production of dilepton pairs in hadronic collisions.

3 The photon PDF from W and Z production at the LHC

The photon PDF γ(x,Q2) determined in the previous section from a fit to DIS data is
affected by very large uncertainties. This suggests that its impact on predictions for hadron
collider processes to which the photon PDF contributes already at leading order could
be substantial, and thus, conversely, that data on such processes might provide further
constraints. In this section we use the simplest of such processes, namely, electroweak
gauge boson production, to constrain the photon PDF.

At hadron colliders, the dilepton production process receives contributions at Born
level both from quark-initiated neutral current Z/γ∗ exchange and from photon-initiated
diagrams, see Fig. 9, and thus the contributions from γ(x,Q2) must be included even in a
pure leading-order treatment of QED effects. Photon-initiated contributions to dilepton
production at hadron colliders were recently emphasized in Ref. [13], where O(α) radiative
corrections to this process [3, 5–13] were reassessed, and also kinematic cuts to enhance
the sensitivity to γ(x,Q2) were suggested.

Beyond the Born approximation, radiative corrections to the neutral-current process,
as well as the charged-current process, which starts at O (α) (see Fig. 10 for some repre-
sentative Feynman diagrams) may be comparable in size to the Born level contribution,
because the suppression due to the extra power of αmight be compensated by the enhance-
ment arising from the larger size of the quark-photon parton luminosity in comparison to
the photon-photon luminosity. However, a full inclusion of O(α) corrections would require
solving evolution equations to NLO in the QED and mixed QED+QCD terms, so it is
beyond the scope of this work; we will nevertheless discuss an approximate inclusion of
such corrections which, while not allowing us to claim more than LO accuracy in QED,
should ensure that NLO QED corrections are not unnaturally large.

We use neutral and charged-current Drell-Yan production data from the LHC to further
constrain the photon PDF, thereby arriving at our final NNPDF2.3QED PDF sets. As
discussed in the introduction, we do this by combining the photon PDF from NNPDF2.3
DIS-only set discussed in the previous section with the standard NNPDF2.3 PDF set,
and then using gauge boson production data to reweight the result. We discuss first this
two-step fitting procedure, and then the ensuing NNPDF2.3QED PDF set and its features.
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Figure 8: The momentum fraction carried by the photon PDF in the NLO fit as a function of
scale. The MRST2004QED result is also shown.

14

FIG. 1: Shown are the deviations induced by photon-initiated contributions and electroweak cor-
rections to the dilepton invariant mass distribution at a 14 TeV LHC.

of the neglect of a particular radiative correction x = NLO EW, �,NLO EW+ �:

�

2
x,L(i) = L⇥ [�

full

(i)� �

x

(i)]2

�

full

(i) + L�2
PDF(i)

. (7)

We caution that these �2 distributions are only meant to illustrate the most promising regions
of phase space in which to pursue the measurements of interest. In addition to the lack of
experimental systematic errors, we have neglected possible bin-to-bin correlations that may
appear. These �2 distributions are not meant to serve as a numerical fit of the photon PDF
or of other e↵ects.

To begin, we orient the reader by showing in Fig. 1 the relative deviations induced by
EW corrections and photon-initiated processes to the invariant mass distribution at a 14
TeV LHC. Specifically, these are the deviations induced by the ��NLO EW and ��

�

contri-
butions in Eq. (1), relative to the full cross section �full. Both corrections grow in magnitude
with invariant mass, with the photon corrections reaching +30% at 3 TeV and the EW
contributions reaching �12%. There is a significant cancellation between the two e↵ects,
indicating the importance of simultaneously controlling them, or of finding additional cuts
that enhance the e↵ect of one relative to the other. The goal of the coming sections will be
to study additional distributions to determine which are more sensitive to one of these two
corrections.

7
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• include modified 
g1,g2 in NLO 

EW effects

3

FIG. 2: Plot of the collinear functions against n̄ · p for uL

(dotted green), uR (dotted cyan), dL (dashed red), and dR

(dashed blue).

FIG. 3: Plot of the collinear functions against n̄ · p for νL

(dashed blue), eL (dotted red), and eR (solid red).

At tree-level the W 3 → γ amplitudes is sin θW , and the
B → γ amplitude is cos θW . The photon can be emitted
by what started out as either a W 3 or B field at high
energy, and the radiative corrections shown by the solid
red and dotted red curves in Fig. 5 multiply the tree-
level amplitudes. The correction for W → γ is much
larger because of the SU(2) contribution.

Fig. 6 gives the collinear functions for the massive
gauge bosons and Higgs. The lower panel shows the
collinear functions for the transverse and longitudinal W ,
i.e. for W → WT and φ → WL, since the transverse W
can only come from the W field and the longitudinal W

FIG. 4: Plot of the collinear functions due to running from
MZ to µf against n̄ · p for electrons with µf = 30 GeV (solid
red) and µf = 50 GeV (dashed blue) are shown in the upper
panel. The QCD correction for quarks with µf = 30 GeV
(solid red) and µf = 50 GeV (dashed blue) and gluons with
µf = 30 GeV (dotted green) and µf = 50 GeV (dot-dashed
cyan) are shown in the lower panel.

from the φ field. The radiative corrections are different,
because at high energies, WT is part of the Wµ gauge
field, whereas WL is part of the scalar field φ. The SU(2)
corrections to Wµ depend on the adjoint Casimir CA = 2,
whereas the corrections to φ depend on the fundamental
Casimir CF = 3/4. The U(1) corrections also differ. At
high energies, the WL remembers that it originated from
the scalar field via spontaneous symmetry breaking. The
upper panel gives the plots for the neutral boson sector.
The transverse Z can arise from either W 3 or B, as for
the photon, and the two cases are shown in solid and
dotted red. The B → ZT amplitude has smaller correc-
tions (as for B → γ), so at high energies, ZT is produced
mainly via B → ZT , even though at tree-level, it is the
W 3 → Z amplitude which dominates. The φ → ZL and
φ → H amplitudes have similar shapes, since both are
mainly given by the radiative corrections to the scalar

Chiu, Fuhrer, Kelley, 
Manohar 0909.0947  

FIG. 3: Several representative distributions showing the combination of NNLO QCD and NLO
EW corrections to lepton-pair production at a

√
s = 8 TeV LHC. The MSTW2008NNLO PDF

set has been used, with the hatched regions corresponding to the estimated 68% PDF error. The
αS error has not been included. Clockwise from the upper left, the plots show the lepton-pair
invariant mass, the lepton-pair rapidity, the lepton pT , and the lepton pseudorapidity.

mass distribution seen in the plot. We note that because of the cut pT,l > 25 GeV, the

invariant mass of the lepton pair is restricted to Mll > 50 GeV, coinciding exactly with

the cut on this variable that we impose. Sensitivity to this phase-space restriction leads to

the large shift from the leading-prediction near this boundary. The lepton pT distribution

in the lower-left panel exhibits the usual Jacobian peak at MZ/2. Resummation of soft-

photon and soft-gluon effects is needed for a proper description near this boundary. Both

the lepton pseudorapidity and lepton-pair rapidity in the rich panels show little sensitivity

to higher-order effects.
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other running parameters?
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take away
• can measure running weak couplings using the 

shape of the Drell-Yan spectrum

• can measure the sign of the g2 beta function at 
a 100 TeV collider

• proof-of-principle measurement possible now at 
the LHC

• general limits on new weakly charged states await
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LEP limit on gluino
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FIG. 1: Theoretical prediction versus aleph data at lep 1
for the standard model and the standard model with a 25
GeV gluino. The total statistical uncertainty band includes
theoretical statistical uncertainty from the Monte Carlo used
to generate the NNLO fixed-order thrust distribution.

models are shown in Figure 1, where it is clear that the
model with the gluino is systematically worse.

To properly scan over masses, we must specify how
to handle the thresholds. First, consider the total
hadronic cross section, σhad. The exact leading or-
der dependence of σhad on the new particle mass can
be extracted from [28]. For m < µ, the contribution
to the total cross section is proportional to ∆σhad =

α2
s(µ)

(
ρV (m2

Q2 ) + ρR(m2

Q2 ) + 1

4
log(m2

µ2 )
)
, where ρV is the

virtual contribution which vanishes at m = ∞ and ρR

is the real emission contribution which vanishes for m >
Q/2. The explicit log compensates the µ-dependence of
αs and is necessary to have a smooth m → 0 limit. We
will use this exact expression ∆σhad for the new physics
contribution to σhad in Eq. (1), but observe that, as
shown in [28], it is well approximated for 0 < m < Q
by the leading power in m2/Q2. Actually, it is not
clear whether the experiments would have included de-
cay products of real gluinos in their event selection for the
thrust distribution, so in the spirit of providing a model-
independent bound, we allow ∆σhad to scan between 0
and the cross section for ∆nf additional massless fla-
vors. This variation is included in the uncertainty band
described below.

The exact contributions of massive colored states to
the jet, soft, and hard functions are not known, but since
the same loops and real-emission diagrams are relevant
for them as for ∆σhad, it is likely that the result would
be similar to that of ∆σhad. Thus, we assume the leading
power is linear in m2/µ2

h for the hard function, m2/µ2
j for

the jet function, and m2/µ2
s for the soft function. That is,

we take H, j̃ and s̃ to interpolate between the expression
for nf = 5 + ∆nf flavors at m = 0 and nf = 5 flavors
at the relevant threshold. This removes any remaining
discontinuity in the thrust distribution, and should be a
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FIG. 2: Bounds on light colored particles from lep data. The
darker region is completely excluded at 95% confidence. The
lighter region is an uncertainty band including estimates of
various theoretical uncertainties.

good approximation to the (unknown) exact result. In
a similar vein, the matching correction, r(τ) in Eq. (2),
formally takes place at the hard scale Q. However, it
depends on nf and would be discontinuous as m crosses
Q unless the discontinuity is removed by inclusion of ex-
plicit mass corrections. We use an interpolation also lin-
ear in m2/Q2 for this effect. Using this model for the
mass thresholds, in lieu of the exact result, introduces
some theoretical uncertainty. To account for that un-
certainty, we explore some variations of the model and
include the errors in our final bound, as described below.

With this treatment of the threshold effects, the thrust
distribution is smooth and can be compared with the
data for each m and ∆nf . We perform a combined fit to
the aleph [22] and opal [24, 25] data sets from 91.2−206
GeV [26, 27]. The fit regions used are 0.1 < τ < 0.24
for lep 1 , and 0.04 < τ < 0.25 for aleph lep 2 and
0.05 < τ < 0.22 for opal lep 2 . The data are cor-
rected bin-by-bin for hadronization and bottom/charm
mass effects using pythia. We perform a least-squares
fit of the theoretical prediction to the corrected data, us-
ing errors which include both the experimental statistical
errors and the statistical errors of the NNLO fixed-order
calculation, rescaled by 1.5, as described above. For the
standard model, the χ2 is 85.7 for 78 degrees-of-freedom.
For each value of m and ∆nf , we minimize χ2 and com-
pute the maximum likelihood ratio as compared with the
standard model. The resulting 95% C.L. bound is shown
in Figure 2. For ∆nf = 3, the limit is meg > 52.5 GeV.
For a real gluino (with the appropriate group theory fac-
tors differing from ∆nf = 3 at higher orders), the bound
differs by 0.03 GeV.

To account for the theoretical uncertainty, we include
an uncertainty band (the light shaded region in Figure 2).
This subsumes the following variations: (i) Removing
the lowest bins from each data set in the fit. (ii) Not
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