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W, Z, QCD: what is really hot for the 
future? 

•  Standard Model studies in ≥ 2014 mean indirect search of new 
physics 
•  i.e. no precision for precision’ sake, if new physics is hard to be accessed 

directly, this can be an early discovery tool 
•  Otherwise important to characterize which new physics we might have seen 

•  Electroweak precision measurements 
•  MW , sin2(θeff), … 
•  αEM and αS important inputs for global electroweak fits 

•  Study of the multi-boson couplings 
•  Fundamental test of the SM gauge sector: TGCs, QGCs 
•  Direct connection with precision Higgs physics: VV scattering 

•  QCD: fundamental ingredients for the program above 
•  Besides interesting in its own 
•  No precision physics at hadron colliders without precise knowledge of PDFs 

and radiative corrections 

23/05/2014 F. Cossutti 3 



23/05/2014 F. Cossutti 4 

ELECTROWEAK PRECISION  
MEASUREMENTS 



Precision observables and global fits after 
(a/the) Higgs boson discovery  
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If the LHC Higgs boson is the SM one, global EW fit  
over-constrained: new level of precision accessible  
Eur. Phys. J. C72, 2205 (2012) 



Precision observables and global fits after 
(a/the) Higgs boson discovery  
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If the LHC Higgs boson is the SM one, global EW fit  
over-constrained: new level of precision accessible  
Eur. Phys. J. C72, 2205 (2012) 

sin2(θeff): the LEP-SLD  
legacy problem 

sin2(θeff) and MW: the 
two most Higgs mass 
sensitive 
observables 



Medium term: W mass at hadronic colliders 
•  World average: 80.385 ± 0.015 GeV 
•  GFITTER: 80.359 ± 0.011 GeV  

•  δtheo 7è4 MeV with mt and Δαhad  reduced by a factor ~ 2  
•  Final ΔMW Tevatron expectation: ~ 9 MeV 

•  Factor 2 from better detector understanding, data driven 
•  Factor 2 from better PDFs 

•  How can we go beyond at LHC/HL-LHC? 
•  The key issue is PDF 
•  Assuming detector understanding scale with statistics 
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with NNPDF2.3 is found in this case. Note also that our estimate applies to the m

W
T

distribution fits only, and to derive the final result we would need as well the results
obtained with the MSTW and CT10 sets, which can lead to an increase of the total PDF
uncertainty by up to a factor two.

In order to determine if a particular PDF combination is responsible for the bulk of
the PDF uncertainties in MW , it is useful to compute the correlations [12] between the
Nrep = 1000 PDF replicas of NNPDF2.3 and the 1000 determinations ofMW obtained from
the template fits for each replica. The results are shown in Fig. 3 for the unnormalized
templates (left plot) and for the normalized templates (right plot). In the case of the
unnormalized templates, the correlation between PDFs and MW is similar to the case
of the inclusive W

+ cross section [6]. On the other hand, for the normalized templates
the correlations are much smaller, showing that the normalization e↵ectively decorrelates
the MW fits with respect to the PDFs. It is clear that there is not a particular range of
Bjorken-x or a particular quark flavor that dominates the MW measurement. This implies
that, in order to further reduce the PDF uncertainty in the MW measurement from m

W
T ,

one needs new data constraining all quark flavors and gluons in the broadest possible x

range.
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Figure 3: Correlations between di↵erent PDF flavours and the MW determination at LHC 7 TeV,
as a function of Bjorken-x, for unnormalized (left plot) and normalized (right plot) templates. The
predictions from the 1000 replicas of NNPDF2.3 have been used in the computation.

The results that we have just discussed were based on the determination of MW from
the W transverse mass distribution. This distribution receives small higher-order QCD
corrections, but its accurate measurement at the LHC will be challenging, in view of a
competitive MW measurement. Now we report on preliminary work towards the exten-
sion of the results of [3] to a template-fit analysis of the lepton transverse momentum
distribution, which has also been successfully used at the Tevatron to measure MW .

At variance with the transverse mass distribution, the lepton transverse momentum,
p

l
T , is substantially modified by higher-order QCD corrections, given its strong correlation

with the W boson transverse momentum, pWT . For this distribution the use of resummed
calculations for the W boson p

W
T is required, either using analytical pWT QCD resummation

[13] or NLO-(QCD+EW) calculations matched to (QCD+QED) parton showers [14, 15],
with a significant increase in the amount of CPU time needed to generate the theory
templates.

The relevance of NLO-QCD corrections implies that the gluon PDF leads also to a

4

more important contribution to the PDF uncertainty on MW than in the transverse mass
case. In order to confirm this, in Fig. 4 we show the contribution of quark-antiquark terms
to the total PDF uncertainty in the transverse mass and lepton pT distributions, computed
at NLO-QCD with DYNNLO. Therefore, for the lepton p

l
T distribution the contribution of

the quark-gluon subprocess is substantial, in particular near the Jacobian peak.
It should be stressed that the results shown in Fig. 4 have been obtained at fixed order,

whereas, as mentioned above, a fully resummed calculation is necessary in the lepton p

l
T

case; furthermore, the quark-antiquark contribution alone provides only a correct estimate
of its PDF uncertainty; only the results that include all the partonic subprocesses are
sensible in terms of physical distributions. With these two caveats in mind, it is clear that a
dedicated analysis should be pursued in order to limit as much as possible the contribution
to �MW due to the gluon PDF. For example, ratios of W over Z distributions provide
a significant cancellation of contributions which are common in the two cases, such e.g.
the quark-gluon initiated subprocesses, strongly reducing the corresponding contribution
to the PDF uncertainty.

Figure 4: The total relative PDF uncertainty and the separate contribution of quark-antiquark
diagrams for the transverse mass (left plot) and the lepton pT (right plot) distributions, computed
at NLO with DYNNLO.

As a final remark, let us mention that PDFs with QED contributions included should
be taken into account to consistently assess the corrections to the MW fits induced by
QED e↵ects. The recently released NNPDF2.3 QED set [16] is especially suitable for this
purpose, since it includes NNLO QCD combined with LO QED corrections, and also the
most recent constraints from electroweak gauge boson production data at the LHC. The
implications of NNPDF2.3 QED for MW determinations should be the topic of detailed
studies in the near future.

To conclude, LHC is collecting a huge amount of high-quality data that should be fully
exploited in order to improve our knowledge of the proton parton densities. Taking into
account present and future information on PDFs, as well as recent improvements in theory
modeling, the measurement of the W mass at the LHC with a PDF uncertainty as small
as �pdfMW ⇠ 5 � 10 MeV is certainly within reach. The experimental uncertainties are
expected to be of a similar size. To further improve on this result, future lepton colliders
will be required, such as the recent TLEP proposal [17].
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12 Study of Electroweak Interactions at the Energy Frontier

�MW [MeV] LHCp
s [TeV] 8 14 14

L[ fb�1] 20 300 3000

PDF 10 5 3

QED rad. 4 3 2

pT (W ) model 2 1 1

other systematics 10 5 3

W statistics 1 0.2 0

Total 15 8 5

Table 1-5. Current and target uncertainties in the measurement of MW at the LHC.

1.2.2.3 Experimental aspects: sin2 ✓`e↵

At hadron colliders, investigations around the Z resonance in single neutral-current vector-boson, qq̄ !
�, Z ! l+l�, with charged leptons l in the final state, allow a precise measurement of the electroweak mixing
angle from the forward-backward asymmetry AFB. The results of a measurement of sin2 ✓leff at the Tevatron
by the CDF and D0 collaborations and at the LHC by the ATLAS and CMS collaborations are presented
in Table 1-6 and Table 1-7, respectively.

At the Tevatron, because the quark direction is better defined for p̄p than for pp collisions, the measurement of
sin2 ✓le↵ is less sensitive to PDF uncertainties and higher order QCD corrections. In addition, three significant
improvements have been recently introduced in the analysis at CDF. The first is the introduction of the event
weighting technique [86], which to first order results in the cancellation of acceptance errors and also reduces
the statistical errors by 20%. The second is the introduction of momentum scale corrections [87], which
remove the bias in the determination of muon momenta, and the third is the consideration of electroweak
radiative corrections using Zfitter [88]. Therefore, smaller error bars are expected for the final analysis of
the full Run II Tevatron data as shown in Table 1-6. The errors in the e+e� channel are smaller than
in the µ+µ� channel, if forward electrons (i.e. large cos ✓) are included in the analysis. Based on the
recent improvements in the CDF analysis, we expect similar errors with the full Run II data set at D0.
The recent CDF measurement [88] with an e+e� sample corresponding to 2.1 fb�1 of integrated luminosity
yields (statistical and systematic errors are added linearly): sin2 ✓le↵ = 0.2328 ± 0.0011. D0 measures
sin2 ✓le↵ = 0.2309 ± 0.0008 (stat) ±0.0006 (syst) [89] using an e+e� sample corresponding to 5.0 fb�1 of
integrated luminosity.

At the LHC, the measurement of the forward-backward asymmetry AFB at the Z boson pole is complicated
by the fact that the pp initial state dilutes the AFB in the qq̄ collision. As a result, the measurement
is sensitive to the PDFs. Table 1-7 shows the uncertainties from the current LHC analyses. Systematic
uncertainties due to experimental e↵ects will very likely reduce with higher statistics as e�ciencies and
resolutions are better measured using control samples. In order to exploit this potential, however, a significant
improvement in the understanding of PDFs will be required. We note that the PDF uncertainty will need
to reduce by a factor of ⇠ 7 for the LHC measurement of sin2 ✓le↵ to have precision comparable to the LEP
and SLC measurements. A factor of 2 reduction in the systematic uncertainty due to missing higher order
corrections will also be required. In the following we discuss in more detail the challenges involved in reaching
the target uncertainties shown in Table 1-7 based on the experience from the recent ATLAS analysis.

Community Planning Study: Snowmass 2013

Transverse mass: 
all PDFs matter 
 
Lepton pT: 
gluon PDF particularly  
important 

Snowmass 2013 
projection: ~5 MeV 
achievable at LHC 



Long term: W mass at lepton colliders  
•  The winning method: σWW scan at production threshold 
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Figure 1-5. Relative corrections to the total cross section for e

+

e

� ! µ

�
⌫̄µud̄ in the EFT approach,

normalized by the Born cross section without ISR improvement: NLO (red, dash-dotted), NLO with
dominant NNLO corrections (black, solid). In the blue, dashed curve the higher-order corrections are
convoluted with ISR structure functions. Based on Ref. [97].

stand-alone momentum scale uncertainties estimated at 10 ppm). This previously important systematic for
the threshold method - and dominant systematic for the kinematically-constrained reconstruction method
appears to be no longer such a critical issue. The reported tables should be taken as reasonable indications
of the potential performance. W mass measurements were statistics limited for these methods at LEP2. It
is clear that large improvements in the systematics are feasible at future machines like ILC. Exactly how
much better can be done is something that can not be predicted with absolute certainty, given the orders
of magnitude of improvement. In practice it is something that typically can only be pinned down once a
detector is operating.

�MW [MeV] LEP2 ILC ILC e+e� TLEPp
s [GeV] 161 161 161 161 161

L [fb�1] 0.040 100 480 600 3000⇥4

P (e�) [%] 0 90 90 0 0

P (e+) [%] 0 60 60 0 0

systematics 70 ? < 0.5

statistics 200 2.3? 0.5

experimental total 210 3.9 1.9 >2.3 < 0.7

beam energy 13 0.8-2.0 0.8-2.0 0.8-2.0 0.1

radiative corrections - 1.0 1.0 1.0 1.0

total 210 4.1-4.5 2.3-2.9 >2.6-3.2 < 1.2

Table 1-8. Current and preliminary target uncertainties in the measurement of MW at e+e� colliders close
to WW threshold, including an estimate for a future theoretical uncertainty due to missing higher-order
corrections.

Table 1-8 has projected results for running close to the WW threshold. ILC can collide highly longitudinally
polarized electrons and positrons - this is particularly advantageous for a threshold scan. In the tables
it is assumed that if ILC undertakes a dedicated scan near threshold that this would be done with the
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to WW threshold, including an estimate for a future theoretical uncertainty due to missing higher-order
corrections.

Table 1-8 has projected results for running close to the WW threshold. ILC can collide highly longitudinally
polarized electrons and positrons - this is particularly advantageous for a threshold scan. In the tables
it is assumed that if ILC undertakes a dedicated scan near threshold that this would be done with the
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NNLO radiative 
correction matter 
Worst at higher energies 

•  Polarized beams 
•  ILC statistics allows good beam 

energy measurement in situ 
•  TLEP: resonant depolarization 

•  δEbeam ~ 0.1 MeV ? 

Possible alternatives interesting but less competitive: 
•  Kinematic reconstruction à la LEP2 > 3 MeV 

•  Just semi-leptonic, use statistics to avoid FSI issues 
•  Hadronic mass in WW + single W: almost comparable 

•  Single W abundant at higher √s 
•  Different systematics, interesting cross check 



Medium term: sin2(θeff) at hadronic colliders 
•  How to challenge LEP1/SLD precision before ILC/TLEP? 

•  δLEP1/SLD =1.6×10-4 vs δtheo ~ 7×10-5 (è3×10-5 with mt and Δαhad  reduced by a factor ~ 2)  
•  Key problem: the quark direction definition introduces a dilution and PDF dependence 

•  Tevatron : use the incoming proton direction 
•  LHC : use the ll boost z component, more PDF dependent (from sea) 

•  δCDF (×10-4) : 9 è4 ; δATLAS : 11×10-4 

•  CDF event weighting method: compensate acceptance, drop detector                                                      
systematics 

•  ATLAS use of forward electrons: much smaller dilution, compensating                                                             
statistics  
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Figure 2: Distributions of cos ✓⇤CS obtained from the event selections described in the text, for the CC
electron (a) and muon (b) channels in log scale. The CF electron channel is shown in both linear (c) and
log (d) scale. Data are shown in open circles and the total expectation is shown as a line with a band
representing the total uncertainty (statistical and systematic). Also shown are the data-driven estimates
for the multijet background and the MC-based estimates for all other backgrounds. The lower panel of
the plot shows the data/MC ratio with the total uncertainty.
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� sin2 ✓le↵ [10�5] CDF D0 final CDF final CDF final CDF

final state e+e� e+e� µ+µ� e+e� combined

L[ fb�1] 2.1 5.0 9.0 9.0 9 µµ+ 9 e+e�

PDF 12 48 12 12 12

higher order corr. 13 8 13 13 13

other systematics 5 38 5 5 5

statistical 90 80 80 40 40

total � sin2 ✓le↵ 92 101 82 44 41

Table 1-6. Current and target uncertainties in the measurement of sin2

✓

l
e↵ at the Tevatron.

� sin2 ✓le↵ [10�5] ATLAS CMS LHC/per experimentp
s [TeV] 7 7 8 14 14

L[ fb�1] 4.8 1.1 20 300 3000

PDF 70 130 35 25 10

higher order corr. 20 110 20 15 10

other systematics 70 181 60 (35) 20 15

statistical 40 200 20 5 2

Total 108 319 75 (57) 36 21

Table 1-7. Current and target uncertainties in the measurement of sin2

✓

l
e↵ at the LHC. The target

uncertainties are based on expected advancements in both theory and experiment as described in the text.
A conservative and more optimistic (in parentheses) target uncertainty is provided for the measurement at
8 TeV.

The main di�culty in measuring sin2 ✓le↵ at the LHC from the forward backward asymmetry, AFB , lies in
the fact that it is a pp collider. Since both beams have valence quarks (as opposed to anti-quarks), there
is an ambiguity in the incoming quark direction. This ambiguity gives rise to a dilution, or reduction, in
the AFB . The e↵ect of dilution can be resolved in part by using the momentum of the Z boson along
the longitudinal direction (z) to determine the direction of the outgoing lepton with respect to the quark.
However, for events produced in the central part of the detector, there remains about a 50% probability of
misidentifying the quark direction. Therefore the best region of phase space to make this measurement is at
large pz, or equivalently rapidity, of the Z boson.

The ATLAS sin2 ✓le↵ measurement [90] utilizes electrons and muons not only in the central region of the
detector, which are standard for most measurements, but also electrons in the forward region (2.5 < |⌘| <
4.9). However, there are some di�culties in using forward electrons. The forward calorimeters are not as
highly segmented and there are no tracking detectors, so reconstruction relies on less information. Also,
distinguishing between photons and electrons is not possible. Finally, electrons in the forward region are
more sensitive to pile-up, which not only increases the background but also makes background modeling
more di�cult. These di�culties can be overcome by requiring one central electron and one forward electron
in the Z reconstruction.

This approach means that ATLAS has produced three search channels in total in the 2011 analysis: a
muon channel with two central muons, an electron channel with two central electrons (CC electron), and
an electron channel with one central electron and one forward electron (CF channel). To measure sin2 ✓le↵,

Community Planning Study: Snowmass 2013

With expected improvements on PDFs, forward  
lepton tagging and smart analyses hadronic 
machines could approach LEP1/SLD precision 
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Figure 4: PDF uncertainties in the determination of sin2 q l
eff at the LHC 7 TeV, from [13]. The templates

have been computed at LO with the HORACE program. We show the results for NNPDF, MSTW and CT,
both for the ATLAS/CMS and the LHCb acceptances. We also show the uncertainty in the current PDF value,
where the central value has been shifted to match the reference one used in the pseudo-data generation.
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LHCb 
might play  
a role? 

J. Rojo, DIS2013 



Medium term: Ab,0
FB via Ab, LHC

FB 
•  Highest discrepancy in SM Global Fits 

•  δLEP1 = 16×10-4 vs δtheo ~ 4×10-4 

•  pull value 2.5 σ = 40 ‰ 

•  No experiment measured it after LEP ! Define: 

 

•  experimentally: adapt AFB to LHC, where F/B defined event by event in 
Z rest frame by the lepton angle wrt bjet axis 

•  dilution due to bjet charge measurement 

•  Simplified feasibility studies set an upper bound on both statistical 
and systematic uncertainties 

•  Open field of research both from experimental and theoretical 
points of view (only LO prediction @ LHC): reduced uncertainties 
from PDFs and scale variations 
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Long term: sin2(θeff) at lepton colliders 
•  All LEP1/SLD studies repeated at ILC-

GigaZ and TLEP 
•  But the 10-5 barrier can be attacked with ALR 

•  Key tool: longitudinal beam polarization 
•  Electrons only (à la SLC): absolute polarization 

measurement limit 
•  Possible δP/P ~ 0.25% çèδsin2(θeff) ~ 5×10-5 

•  Both e+ / e- : use the Blondel scheme 

 

•  Still a relative polarization measurement is needed 
•  δALR ~ 2.5 × 10-5 

•  Beam energy/beamstrahlung knowledge 
also matters 

•  ALR slope due to γ-Z interference ~ 2×10-2 / GeV 
•  δALR ~ 10-4 
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where �P/P = 0.5% has been achieved [109], it is assumed that at a future facility a polarization uncertainty
of 0.25% is realistic [110], leading to �ALR = 3.8 · 10�4 or � sin2 ✓`e↵ = 5 · 10�5.

If positron polarization is available, a significantly more precise measurement can be made using a modified
Blondel scheme [111] which removes the need for an absolute polarization measurement. The total cross
section with both beams being polarized can be written as � = �unpol [1� Pe+Pe� +ALR(Pe+ � Pe�)]. If
all four helicity combinations are measured, ALR can be determined as

ALR =

s

(�++ + ��+ � �+� � ���)(��++ + ��+ � �+� + ���)

(�++ + ��+ + �+� + ���)(��++ + ��+ + �+� � ���)
,

which is independent of the absolute polarization. Only 10% of the total luminosity needs to be delivered in
the ‘wrong-helicity’ combinations (++, –). The statistical uncertainty which can be achieved with Pe� = 80%
and Pe+ > 30% is �ALR < 5 · 10�5 or � sin2 ✓`e↵ < 6 · 10�6. The statistical uncertainty improvement for
higher positron polarization values is relatively mild, asymptotically approaching �ALR = 2.5 · 10�5.

Even though an absolute polarization measurement is not needed, a precise measurement of the polarization
di↵erence between the beam helicity states is required. If the polarization in the two helicity states is
written as Pe± = ±|Pe± |+ �Pe± , the dependence of the measured ALR value on the polarization di↵erence
is given by dALR/d�Pe± ⇡ 0.5. Extrapolating from the SLC experience, it has been estimated that �Pe±

can be measured to around 10�4 [107]. With e↵ort, this uncertainty might be reduced further, although the
di�culty of quickly reversing the positron helicity may limit how precisely the relative positron polarization
di↵erence can be measured. Several other experimental systematic uncertainties on ALR also need to be
controlled at the 10�4 level, including asymmetries in the luminosity delivered and backgrounds observed in
the di↵erent helicity combinations.

Due to � � Z interference, the dependence of ALR on the collision energy
p
s is given by dALR/d

p
s =

2 ⇥ 10�2/GeV. The di↵erence
p
s �MZ thus needs to be known to ⇠ 10 MeV to match the experimental

precision achievable with electron polarization only, and to ⇠ 1 MeV with polarized positrons. A multi-point
scan of the Z peak is foreseen to provide the relative calibration of the collision energy

p
s with respect to

mZ at the ⇠ 1 MeV level. The collision energy
p
s must be understood including any beamstrahlung, which

causes a significant ⇡ 50 MeV shift to the luminosity-weighted mean
p
s, depending on the exact collision

parameters. As long as the beamstrahlung distribution is constant throughout the Z scan, however, this
e↵ect will be calibrated out to first order by the scan. Direct measurements of this beamstrahlung shape to
a few percent should also be possible using Bhabha acolinearity and the di-muon momentum spectrum.

Overall, an uncertainty of �ALR = 10�4 can be achieved at a polarized linear collider with 109 Z bosons,
corresponding to an uncertainty on the e↵ective weak mixing angle of � sin2 ✓`e↵ < 1.3 · 10�5 [106].

Polarized beams can also be produced at circular e+e� storage rings, and transverse polarizations of ⇠ 50%
were observed at LEP [113]. To exploit this polarization for a measurement of ALR requires spin rotators
to be installed to provide longitudinal polarization at the interaction points. With the luminosity available
at a machine like TLEP, very small statistical uncertainties on ALR can be achieved. The collision energyp
s can be measured to a precision of 100 keV using resonant depolarization as was used at LEP for the

measurement of the Z boson mass [114]. This uncertainty limits the achievable precision on the e↵ective
weak mixing angle to � sin2 ✓`e↵ = 1 · 10�6 [105].

In a storage ring, it is di�cult to reverse the helicity of the colliding bunches on a short time scale, so
the scheme used at a linear collider is not applicable. To avoid being limited by an absolute polarization
measurement, the original Blondel scheme has been proposed where four helicity combinations are formed
from polarized and unpolarized electron and positron bunches circulating in the same fill [111]. This scheme
again relies on the ability to measure the di↵erence in polarization between the electron and positron bunches
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� sin2 ✓le↵ [10�5] ILC/GigaZ TLEP(Z)p
s [GeV] 91 91

L[ fb�1] 30 3000⇥4

systematics 1.1 0.2

statistical 0.5 0.1

higher order corr. ? ?

beam energy 0.5 0.05

total 1.3 0.3

Table 1-11. Projected target uncertainties in the measurement of sin2

✓

l
e↵ at e

+

e

� colliders. Systematic
uncertainties for TLEP have been scaled with statistics; whether this scaling can be achieved remains a
question to study. Higher-order calculations required for the measurement also need to be investigated.

(�Pe±), and also to measure or limit any residual polarization in the nominally unpolarized bunches. An
added complication is that the longitudinal polarization needs to be known at the interaction point, while
the polarization measurements at a storage ring are most easily made on the transversely-polarized beams
away from the interaction points, so possible asymmetries in the spin rotators must be carefully considered.
Detailed estimates of the other experimental systematic uncertainties achievable at TLEP are not currently
available, although in general they are similar to the experimental challenges faced at a linear e+e� collider
for the same measurement. In Table 1-11, a placeholder for the systematics at TLEP is based on scaling
with statistics; a better estimate is needed. Higher order calculations needed for the extraction of sin2 ✓`e↵
also require further study and are absent in this table at the moment. A target of � sin2 ✓`e↵ = 1 · 10�6 is
quoted in [105]; in Table 1-11 the systematics-dominated target of � sin2 ✓`e↵ = 3 · 10�6 is subject to further
study of the TLEP potential.

1.2.4 Summary of experimental target accuracies and theory uncertainties for
sin2 ✓`e↵ and MW

In Table 1-12 we summarize the discussion of the previous sections by showing the target accuracies for the
measurements ofMW and sin2 ✓`eff at the LHC, ILC and TLEP and the estimated future theory uncertainties
of their SM predictions.

1.2.5 Other EWPOs at lepton colliders

Besides MW and sin2 ✓`e↵ , other EWPOs of great interest include the Z-pole observables such as the Z boson
mass and width, and its hadronic and leptonic partial widths. Estimates of statistical sensitivity and beam
energy calibration uncertainty are presented for TLEP in [105]. This machine is capable of producing about
a trillion Z bosons. Pending further study, preliminary targets of 0.1 MeV uncertainty have been stated for
MZ and �Z . A relative precision of 5⇥10�5 is stated to be a reasonable target for the ratio of the Z-boson’s
hadronic-to-leptonic partial widths at TLEP, as well as for the ratios of the Z-boson leptonic widths (as a
test of lepton universality). These estimates would represent a factor of ⇡ 20 improvement over LEP.
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•  δsin2(θeff) ~ 10-5 claimed to be achievable 
at GigaZ 

•  for P- ~ 80%, P+ 30% 

•  TLEP: better precision on Ebeam with 
resonant depolarization  

•  but spin rotators needed for polarization 
combinations  

•  δsin2(θeff) > 10-5 

 



TeraZ @ TLEP: LEP1 reloaded? 
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Quantity Physics Present Measured Statistical Systematic Key Challenge

precision from uncertainty uncertainty

mZ (keV) Input 91187500± 2100 Z Line shape scan 5 (6) < 100 Ebeam calibration QED corrections

ΓZ (keV) ∆ρ (not ∆αhad) 2495200± 2300 Z Line shape scan 8 (10) < 100 Ebeam calibration QED corrections

Rℓ αs, δb 20.767± 0.025 Z Peak 0.00010 (12) < 0.001 Statistics QED corrections

Nν PMNS Unitarity, . . . 2.984± 0.008 Z Peak 0.00008 (10) < 0.004 Bhabha scat.

Nν . . . and sterile ν’s 2.92± 0.05 Zγ, 161GeV 0.0010 (12) < 0.001 Statistics

Rb δb 0.21629± 0.00066 Z Peak 0.000003 (4) < 0.000060 Statistics, small IP Hemisphere correlations

ALR ∆ρ, ϵ3, ∆αhad 0.1514± 0.0022 Z peak, polarized 0.000015 (18) < 0.000015 4 bunch scheme, 2exp Design experiment

mW (MeV) ∆ρ , ϵ3, ϵ2, ∆αhad 80385± 15 WW threshold scan 0.3 (0.4) < 0.5 Ebeam, Statistics QED corrections

mtop (MeV) Input 173200± 900 tt̄ threshold scan 10 (12) < 10 Statistics Theory interpretation

Table 9. Selected set of precision measurements at TLEP. The statistical errors have been determined with (i) a one-year scan of the Z resonance
with 50% data at the peak, leading to 7× 1011 Z visible decays, with resonant depolarization of single bunches for energy calibration at O(20min)
intervals; (ii) one year at the Z peak with 40% longitudinally-polarized beams and a luminosity reduced to 20% of the nominal luminosity; (iii) a
one-year scan of the WW threshold (around 161GeV), with resonant depolarization of single bunches for energy calibration at O(20min) intervals;
and (iv) a five-years scan of the tt̄ threshold (around 346GeV). The statistical errors expected with two detectors instead of four are indicated
between brackets. The systematic uncertainties indicated below are only a “first look” estimate and will be revisited in the course of the design study.

–
25

–

•  1 year at Z peak 40% polarization + 1 year Z scan (50% at peak)
  

•  The availability of resonant depolarization might allow to repeat the Z 
line shape study with a precision better by a factor ~ 10 at least  
•  Linear colliders haven’t this tool 

•  A large Z è bb sample combined with an adequate detector would 
allow a similar improvement to study Rb  

JHEP 1401  
164 (2014) 



Max Baak (CERN) 

Prospects of EW fit 

!  Huge reduction of uncertainty on indirect determinations of mt, mW, and 
sin2θleff, by a factor of 3 or more.  

!  Assuming central values of mt and MW do not change, (at ILC) a 
deviation between the SM prediction and the direct measurements would 
be prominently visible. 

48 The ElectroWeak fit of Standard Model 
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Max Baak (CERN) 

Prospects of EW fit 

!  For STU parameters, improvement of factor of >3 is possible at ILC. 
!  Again, at ILC a deviation between the SM predictions and direct 

measurements would be prominently visible. 
!  Competitive results between EW fit and Higgs coupling measurements! 

•  (At level of 1%.) 

50 The ElectroWeak fit of Standard Model 

M. Baak 
CERN seminar 
09/2013 

•  Program of improvements in EWPO can 
now shown internal SM inconsistency 

•  Higgs and top essential ingredients as 
well 

•  New physics in loops might become 
evident 

•  Can be translated in EW oblique 
observables limits 

•  Fully model dependent? 
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MULTI BOSONS  
MEASUREMENTS 



Multi-boson final states: couplings, Higgs 
and new physics 

23/05/2014 F. Cossutti 15 

•  Gauge boson couplings: basic 
characteristics of a non-abelian 
theory 

•  In SM triple and quartic GC 
•  Deviation from SM, i.e. anomalous 

couplings: new physics evidence 
•  Similar study to EW global fit 

•  Vector boson scattering: need the 
Higgs to be unitarized as energy 
increase 

•  Fundamental test of the SM 
•  Bridge between Higgs and W/Z 

physics 
 

 



Multi-boson final states: couplings, Higgs 
and new physics 
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•  Gauge boson couplings: basic 
characteristics of a non-abelian 
theory 

•  In SM triple and quartic GC 
•  Deviation from SM, i.e. anomalous 

couplings: new physics evidence 
•  Similar study to EW global fit 

•  Vector boson scattering: need the 
Higgs to be unitarized as energy 
increase 

•  Fundamental test of the SM 
•  Bridge between Higgs and W/Z 

physics 
•  Di- and tri-bosons: cross sections 

quite smaller than for single boson 
production 

•  High luminosity is fundamental for 
precision studies 

•  VBS sensitivity to new physics 
grows with energy 

•  Hadronic machines have a plus here 
•  Forward region becomes fundamental 
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Anomalous couplings in the Effective Field Theory approach 

•  Effective Field Theory: extend the SM Lagrangian with dimension 6, 8 operators 
•  Describe effective interactions mediated by particles with mass at a scale Λ  

 

•  If Λ >> experimentally accessible scale, i.e. O(1-2 TeV), the SM is a low (compared to Λ) effective 
theory  

•  Various representations of operators among different calculations, but relationships available for 
instance in arXiv.1310.6708 

•  Both TGC and QGC in dimension 6 operators, dimension 8 add genuine QGC 
•  Relationships also with the Lagrangian parameterizations used at LEP: 
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1.2.8 EWPOs and Z 0 bosons

EWPOs also constrain possible new physics scenarios such as U(1)0 gauge extensions of the SM. Current
constraints [133] on the associated Z 0 boson masses, MZ0 , are generally comparable and in some cases stronger
than the direct lower search limits from LEP and the Tevatron. The 8 TeV LHC data have extended the
lower limits to roughly 2.5 TeV (depending on the model). However, the LHC dilepton and dijet resonance
searches are insensitive to the Z-Z 0 mass mixing angle, ✓ZZ0 . Current EWPOs constrain ✓ZZ0 to the 10�2

level and very often well below this. The EWPOs projected for the ILC including the GigaZ option as shown
in Table 1-12 (most importantly the measurements of MW to 2.3-2.9 MeV, the e↵ective weak mixing angle
to 1.3 ⇥ 10�5, and mt to 0.1 GeV) would improve the ✓ZZ0 limits by almost another order of magnitude.
This is important, since in specific models, MZ0 and ✓ZZ0 are not independent. As an example, consider the
popular benchmark case of the Z� boson (appearing in SO(10) GUT models) with a U(1)0 breaking Higgs
sector compatible with Supersymmetry. In this case, the projected EWPOs would experience noticeable
shifts for MZ0 values of up to 6 TeV, without assuming any improvement in �↵had. The EWPOs are also
important for leptophobic Z 0 bosons where the LHC sets weaker mass limits.

In the case of a Z 0 discovery at the LHC, it becomes mandatory to achieve the highest possible accuracy in
the EWPOs. As an illustration, suppose a future LHC run discovers a dilepton resonance with an invariant
mass of 3 TeV. Even if one would succeed to determine the spin of the resonance, it would not be possible
to simultaneously obtain meaningful information on the coupling strength and on ✓ZZ0 , by using LHC data
alone. But the EWPOs would determine the size and the sign of ✓ZZ0 which would give valuable information
on the U(1)0 breaking sector and simultaneously constrain the T parameter to the level of ±0.01, thereby
constraining possible additional non-degenerate fermion (or scalar) multiplets that may be necessary to
cancel gauge anomalies related to the U(1)0.

1.3 New interactions in vector boson scattering and tri-boson
processes

Multi-boson production in various topologies provides a unique way to probe new physics. Assuming that
the 125 GeV boson discovered at the LHC is the SM Higgs boson, it is natural to assume that electroweak
symmetry breaking occurs according to the SM Higgs mechanism. Therefore, deviations from the SM
in multi-boson production can be parameterized by SU(2)L⇥U(1)Y gauge-invariant operators which do
not introduce any new sources of EWSB. If the new physics associated with these operators occurs at a
high mass scale, one is motivated to use the formulation of E↵ective Field Theory (EFT) to organize the
operators in order of increasing dimensionality. Here we will consider an EFT, which includes dimension-6
and dimension-8 operators that modify the interactions among electroweak gauge bosons, described by the
following Lagrangian:

LEFT = LSM +
X

i=WWW,W,B,�W,�B

ci
⇤2

Oi +
X

j=0,1

fS,j
⇤4

OS,j +
X

j=0,...,9

fT,j

⇤4
OT,j +

X

j=0,...,7

fM,j

⇤4
OM,j (1.17)

A detailed discussion of these operators is provided in Section 1.3.1.

As an example of new physics in the Higgs sector, let us consider the interaction of the Higgs doublet field
� with a new scalar field S of the form �†�S. This operator can mediate �� ! �� scattering via s and
t channel exchange of the S boson. In the limit of the mass of S being much larger than the energy of
this scattering process, the lowest dimension e↵ective operator induced is the dimension-4 operator (�†�)2,
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gZ4 , g
Z
5 , ̃� , ̃Z , �̃� , �̃Z . This Lagrangian is not the most generic one, since extra derivatives can be added

in all of the operators. Furthermore, there is no reason to remove those extra terms, since they are not
suppressed by ⇤ but by MW .

The e↵ective field theory approach described in the previous section allows one to calculate those parameters
in terms of the coe�cients of the five dimension-six operators relevant for TGCs, i. e. in terms of the EFT
coe�cients cWWW , cW , cB , cW̃WW and cW̃ . One finds for the anomalous TGC parameters [143, 144]:

gZ1 = 1 + cW
m2

Z

2⇤2
(1.42)

� = 1 + (cW + cB)
m2

W

2⇤2
(1.43)

Z = 1 + (cW � cB tan2 ✓W )
m2

W

2⇤2
(1.44)

�� = �Z = cWWW
3g2m2

W

2⇤2
(1.45)

gV4 = gV5 = 0 (1.46)

̃� = cW̃
m2

W

2⇤2
(1.47)

̃Z = �cW̃ tan2 ✓W
m2

W

2⇤2
(1.48)

�̃� = �̃Z = cW̃WW

3g2m2
W

2⇤2
(1.49)

Defining �gZ1 = gZ1 � 1, ��,Z = �,Z � 1, the relation [143]

�gZ1 = �Z + tan2 ✓W�� (1.50)

and the relation �� = �Z reduce the five C and P conserving parameters down to three. For the C and/or
P violating parameters, the relation

0 = ̃Z + tan2 ✓W ̃� (1.51)

and the relations �̃� = �̃Z and gZ4 = gZ5 = 0 reduce the six C and/or P violating parameters down to just
two.

The Lagrangian of Eq. 1.41 is not SU(2)L gauge invariant under linear transformations even after imposing
those relations because the quartic and higher multiplicity couplings are not included. Furthermore, gauge
invariance requires also several relations between vertices with di↵erent number of particles. The quartic
couplings involving two photons have been parametrized in a similar way. However, the parametrization is
not generic enough and does not include the contributions from the dimension-six operators.

The LEP2 constraints on the vertices ��W+W� and ��ZZ [145] described in terms of anomalous couplings
a0/⇤2 and ac/⇤2 can be translated into bounds on fM,0 – fM,7. In Ref. [146] (see also Refs [147, 148]),
genuine anomalous quartic couplings involving two photons have been introduced as follows:

L0 = � e2

16⇡⇤2
a0Fµ⌫F

µ⌫ ~W↵ ~W↵

Lc = � e2

16⇡⇤2
acFµ↵F

µ� ~W↵ ~W�

(1.52)
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Operators containing only field strength tensors

The following operators containing four field strength tensors also lead to quartic anomalous couplings:

OT,0 = Tr [Wµ⌫W
µ⌫ ]⇥ Tr

⇥

W↵�W
↵�

⇤

, (1.33)

OT,1 = Tr
⇥

W↵⌫W
µ�

⇤⇥ Tr [Wµ�W
↵⌫ ] , (1.34)

OT,2 = Tr
⇥

W↵µW
µ�

⇤⇥ Tr [W�⌫W
⌫↵] , (1.35)

OT,5 = Tr [Wµ⌫W
µ⌫ ]⇥B↵�B

↵� , (1.36)

OT,6 = Tr
⇥

W↵⌫W
µ�

⇤⇥Bµ�B
↵⌫ , (1.37)

OT,7 = Tr
⇥

W↵µW
µ�

⇤⇥B�⌫B
⌫↵ , (1.38)

OT,8 = Bµ⌫B
µ⌫B↵�B

↵� (1.39)

OT,9 = B↵µB
µ�B�⌫B

⌫↵ . (1.40)

It is interesting to note that the two last operators OT,8 and OT,9 give rise to QGCs containing only the
neutral electroweak gauge bosons.

Previous analyses [139, 140, 141] of the LHC potential to study QGCs were based on the non–linear realization
of the gauge symmetry, i.e. using chiral Lagrangians as for instance implemented in whizard. The relation
between the above framework and chiral Lagrangians can be found in Section 1.3.1.4.

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA

OS,0, OS,1 X X X

OM,0, OM,1,OM,6 ,OM,7 X X X X X X X

OM,2 ,OM,3, OM,4 ,OM,5 X X X X X X

OT,0 ,OT,1 ,OT,2 X X X X X X X X X

OT,5 ,OT,6 ,OT,7 X X X X X X X X

OT,8 ,OT,9 X X X X X

Table 1-16. Quartic vertices modified by each dimension-8 operator are marked with X.

1.3.1.3 Comparison with the anomalous coupling approach and the LEP convention for
aQGCs

The anomalous couplings approach is based on the Lagrangian [142]

L =igWWV

✓

gV1 (W+
µ⌫W

�µ �W+µW�
µ⌫)V

⌫ + V W
+
µ W�

⌫ V µ⌫ +
�V

M2
W

W ⌫+
µ W�⇢

⌫ V µ
⇢

+igV4 W+
µ W�

⌫ (@µV ⌫ + @⌫V µ)� igV5 ✏µ⌫⇢�(W+
µ @⇢W

�
⌫ � @⇢W

+
µ W�

⌫ )V�

+̃V W
+
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⌫ Ṽ µ
⇢

!

,

(1.41)

where V = �, Z; W±
µ⌫ = @µW±

⌫ � @⌫W±
µ , Vµ⌫ = @µV⌫ � @⌫Vµ, gWW� = �e and gWWZ = �e cot ✓W .

The first three terms of Eq. 1.41 are C and P invariant while the remaining four terms violate C and/or
P . Electromagnetic gauge invariance requires that g�1 = 1 and g�4 = g�5 = 0. Finally there are five
independent C- and P -conserving parameters: gZ1 ,� ,Z ,�� ,�Z ; and six C and/or P violating parameters:

Community Planning Study: Snowmass 2013

C,P conservation + electromagnetic gauge invariance 
Reduce to a minimal independent set Δg1

Z, Δκγ, λγ 



aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5

Feb 2013

Zκ∆
WW -0.043 - 0.043 -14.6 fb
WV -0.043 - 0.033 -15.0 fb
LEP Combination -0.074 - 0.051 -10.7 fb

Zλ
WW -0.062 - 0.059 -14.6 fb
WW -0.048 - 0.048 -14.9 fb
WZ -0.046 - 0.047 -14.6 fb
WV -0.038 - 0.030 -15.0 fb
D0 Combination -0.036 - 0.044 -18.6 fb
LEP Combination -0.059 - 0.017 -10.7 fb

1
Zg∆ WW -0.039 - 0.052 -14.6 fb

WW -0.095 - 0.095 -14.9 fb
WZ -0.057 - 0.093 -14.6 fb
D0 Combination -0.034 - 0.084 -18.6 fb
LEP Combination -0.054 - 0.021 -10.7 fb

ATLAS Limits
CMS Limits
D0 Limit
LEP Limit

aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5

Feb 2013

γκ∆
γW -0.410 - 0.460 -14.6 fb
γW -0.380 - 0.290 -15.0 fb

WW -0.210 - 0.220 -14.9 fb
WV -0.110 - 0.140 -15.0 fb
D0 Combination -0.158 - 0.255 -18.6 fb
LEP Combination -0.099 - 0.066 -10.7 fb

γλ
γW -0.065 - 0.061 -14.6 fb
γW -0.050 - 0.037 -15.0 fb

WW -0.048 - 0.048 -14.9 fb
WV -0.038 - 0.030 -15.0 fb
D0 Combination -0.036 - 0.044 -18.6 fb
LEP Combination -0.059 - 0.017 -10.7 fb

ATLAS Limits
CMS Limits
D0 Limit
LEP Limit

4-fermions: charged Triple Gauge Couplings 
•  LHC already competitive on λ , Δκ 
•  κ-type couplings: mostly sensitive to 

differential distributions 
•  Cleaner environment in lepton colliders 

helps, ILC clearly winning 
•  λ-type couplings: strong √s 

dependence 
•  Sensitivity in high pT tail of diboson 

system, benefit from large statistics  
•  HL-LHC not much worse than ILC800 
•  HE-LHC could further improve 
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Obs. Now LHC 0.3/ab HL-LHC 3/ab ILC800 

Δg1
Z [-5,2] ×10-2 3×10-3 2×10-3 1.8×10-4 

κγ [-10,7]×10-
2 

3×10-2 1×10-2 1.9×10-4 

λγ [-6,2]×10-2 9×10-4 4×10-4 2.6×10-4 

arXiv.1405.3841 
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Higgs → 

← top-top (EW) 

← VV-fusion 

← VV and non resonant 

And α2
s α4

EW → 

TGC & QGC → 
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Higgs → 

← top-top (EW) 

← VV-fusion 

← VV and non resonant 

And α2
s α4

EW → 

TGC & QGC → 

•  Quartic Gauge Couplings: from both di- (e.g. 
WW,WZ,ZZ) and tri-boson production (e.g. Zγγ) 

•  Vector Boson Fusion/Scattering: characteristic 
emission of very forward jets, large jj mass, large 
rapidity gap (colourless objects in the central region) 

•  In SM unitarity of VBS cross section with increasing √s 
guaranteed by the Higgs boson 

•  Fundamental test of SM, one of the flagship 
measurements for HL-LHC 

•  Natural bridge between Higgs and W/Z studies 

•  With typical experimental cuts EWK VV cross sections 
O(~ 10 fb) 
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The study of m(VV) in VLVL è VLVL  can probe whether the Higgs alone can 
describe the process of whether there is evidence for some new physics at 
higher scale, reducing the effective hVV coupling compared the SM by √δ 
 
In practice there is also the transverse polarization to take into account, and 
the PDFs suppress the growth, so a precise measurement of the production 
rate at high mass is needed 
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Figure 13: Cross section as a function of the invariant mass of the two vector bosons for
their different polarizations. The upper plot refers to a Higgs mass of 500 GeV, the lower
one to the no-Higgs case.
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hep-ph/0512219 
No Higgs case 
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ATL-PHYS-PUB-2013-006 CMS-FTR-13-006-PAS 

Examples of possible new physics signal expectations   
 

HL-LHC projections for Snowmass 2013 
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Figure 3: The reconstructed 4-body mass spectrum using the two leading leptons and jets (left) and the

signal significance (in standard deviations) as a function of fS 0 using the same-sign WW → ℓνℓν VBS

channel at pp center-of-mass collision energy of 14 TeV. The overflow bin is included in the plot on the

left.

7.1 Monte Carlo Predictions

MadGraph 1.5.10 [10] was used to generate all Zγγ samples and background samples, Zγ j and Z j j. In

both cases Z bosons were required to decay to electron or muon pairs. After Pythia 6 parton showering,

the reconstruction effects of resolution and identification efficiency are applied using Delphes [20] with

the ATLAS parametrizations. A constant jet-to-photon fake rate of 10−3 is applied to each jet in the Zγ j

and Z j j samples to construct smooth background templates.

7.2 Event Selection

Events are considered Zγγ candiates provided they meet the following criteria:

• pT (l) > 25 GeV, |η(l)| < 2.0

• pT (γ) > 25 GeV, |η(γ)| < 2.0

• At least one lepton and one γ with pT > 160 GeV

• |mll − 91 GeV| < 10 GeV

• ∆(γ, γ) > 0.4; ∆(l, γ) > 0.4; ∆(l, l) > 0.4.

The 160 GeV transverse momentum requirement on one lepton and one photon improves the sensi-

tivity of aQGC. The 10 GeV invariant mass window cuts around Z boson mass peak can suppresses the

γ∗ contribution to the dilepton. The large angle cut between photon and lepton and the high transverse-

momentum requirement of the photon reduces the FSR contribution. This leads to the phase space which

is uniquely sensitive to the QGC. Figure 4 (left) shows the reconstructed 4-body invariant mass distribu-

tion for this channel. Figure 4 (right) shows the enhancement of the yield in the tail of the photon pT

distribution due to anomalous QGC.

7

6 4 Results

Figure 4: WZ transverse mass with 3000 fb�1. The additional contribution of an aQGC signal
for the LT1 operator (LT1) with fT1/L4 = 1.0 TeV�4 is illustrated by the red hatched histogram.

4.1 Systematic uncertainty

For the background diboson processes, we estimate that the cross section could be understood
from a combination of the best available theoretical tools and data from control regions at the
10% level. This estimate is based on current measurements of the cross section in the high
statistics VV mode, W+W�, which is limited by systematic uncertainties associated with un-
derstanding jet activity [13]. If a better understanding of the background from VV+2j processes
could be achieved, either from the data or from tools such as NLO simulation or differential
studies of the next-to-next-to-leading order (NNLO) cross sections, then substantially better
sensitivity to new physics could be possible.

4.2 SM vector boson scattering

To search for SM electroweak scattering, we use the dijet invariant mass for final discrimination
of background processes as this variable is highly sensitive to scattering topologies at high
values. Conservatively performing a counting experiment using events with mjj > 1.2 TeV
we find that an integrated luminosity of 75 fb�1 is sufficient for 3s evidence, while 185 fb�1

is sufficient for 5s observation. The significances were determined by using pseudo-data to
calculate the probability of the background fluctuating to the expected signal plus background
level including the effects of systematic uncertainties as Gaussian distributions. The amount
of collision data necessary for evidence and observation could be improved by approximately
20% if systematic uncertainties could be reduced to have no impact. If the LHC operates during
Phase-1 at 13 TeV center of mass energy then approximately 15% more data is needed for the
discovery of the EWK scattering process.

4.3 aQGC

To search for new physics processes that result in aQGC, we use the WZ transverse mass for
final discrimination as the center of mass of the scattering system is highly sensitive to new

fT1/Λ4 = 1 TeV-4 
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1.3 New interactions in vector boson scattering and tri-boson processes 51

have mjj > 1 TeV and the 4-lepton invariant mass m4` > 200(500) GeV, a statistical precision of 10(15)%
is achievable with 3000 fb�1, compared to 30(45)% with 300 fb�1. Since a key prediction of the SM is that
the Higgs boson unitarizes longitudinal VBS, it is important to make the definitive measurements of this
cross section, which is only possible with the high-luminosity upgrade in this clean and robust channel.

model 300 fb�1 3000 fb�1

mresonance = 500 GeV, g = 1.0 2.4� 7.5�

mresonance = 1 TeV, g = 1.75 1.7� 5.5�

mresonance = 1 TeV, g = 2.5 3.0� 9.4�

Table 1-21. Summary of the expected sensitivity to anomalous VBS signal, quoted in terms of
the background-only p

0

-value expected for signal+background. The p

0

-value has been converted to the
corresponding number of Gaussian � in significance. These results are given for the pp ! ZZ+2j ! ````+2j
channel at

p
s = 14TeV. The increase in significance with integrated luminosity is shown for di↵erent

resonance masses and couplings g.

ATLAS has also shown sensitivity studies using the fully-leptonic decay modes of W±W±, WZ and ZZ
channels in the VBS mode as well as triboson results in the Z�� channel. These results are quoted in the
language of EFT higher-dimension operators. The studies are performed in the kinematic regions where
unitarity is perserved. In this context, ATLAS has studied one dimension-6 operator, O�W of Eq. 1.23
and four dimension-8 operators, OS,0 of Eq. 1.30 and OT,i, i = 1, 8, 9 of Eqs. 1.34, 1.39, and 1.40. Their
values for 5�-significance discovery are summarised in Table 1-22, reproduced from the ATLAS report. The
high-luminosity upgrade increases the discovery potential for the operator coe�cients by factors of 2-3,
with further increases possible using analysis optimizations. If an anomaly is discovered with 300 fb�1,
the corresponding operator coe�cient can be measured with a precision of 5% or better with 3000 fb�1 of
integrated luminosity, allowing detailed studies of the underlying physics in this arena.

Parameter dimension channel ⇤UV [TeV]
300 fb�1 3000 fb�1

5� 95% CL 5� 95% CL

c�W /⇤2 6 ZZ 1.9 34 TeV�2 20 TeV�2 16 TeV�2 9.3 TeV�2

fS,0/⇤4 8 W±W± 2.0 10 TeV�4 6.8 TeV�4 4.5 TeV�4 0.8 TeV�4

fT,1/⇤4 8 WZ 3.7 1.3 TeV�4 0.7 TeV�4 0.6 TeV�4 0.3 TeV�4

fT,8/⇤4 8 Z�� 12 0.9 TeV�4 0.5 TeV�4 0.4 TeV�4 0.2 TeV�4

fT,9/⇤4 8 Z�� 13 2.0 TeV�4 0.9 TeV�4 0.7 TeV�4 0.3 TeV�4

Table 1-22. 5�-significance discovery values and 95% CL limits for coe�cients of higher-dimension
operators. Madgraph5 is used for the event generation. ⇤UV is the unitarity violation bound corresponding
to the sensitivity with 3000 fb�1 of integrated luminosity. See Table 1-33 for resonance mass limits
corresponding to the fS,0/⇤

4 sensitivity above, in a dimension-8 operator formulation and considering
simplified models of electroweak resonances.

The substantially improved sensitivity to these higher dimensional operators highlights the potential of
the LHC to probe one of the most important aspects of the electroweak sector of the SM, namely, the
unitarization of the vector boson scattering amplitudes by the Higgs mechanism. Since the ”Mexican hat”
Higgs potential is essentially just a parameterization, a more ”dynamical” explanation of this potential in
terms of the Higgs’ interaction with new scalar, vector or fermion fields involving strong dynamics can easily
induce higher-dimension operators as precursors to the more complete theory of the Higgs sector.

Community Planning Study: Snowmass 2013

ATLAS projections for Snowmass 2013 
Clear sensitivity gain with luminosity increase 

Lepton colliders not competitive on dimention-8 operators, LHC better by 
1-2 orders of magnitude  
 

62 Study of Electroweak Interactions at the Energy Frontier
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35
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Table 1-31. Width � of the five di↵erent possible non-SU(2)c violating resonances for their decays into
longitudinal EW gauge bosons, as well as their contributions to the anomalous quartic couplings parameters
↵

4

and ↵

5

.

Type of resonance LHC 300 fb�1 LHC 3000 fb�1

scalar � 0.9 TeV 1.3 TeV

vector ⇢ 1.2 TeV 1.7 TeV

tensor f 1.6 TeV 2.3 TeV

Table 1-32. 95% CL limits for the mass M of a broad resonance in simplified models obtained from
limits on ↵

4

of Table 1-20 and using the widths of Table 1-31 with � ⇠ M .

↵4 and ↵5. In Table 1-32 we provide limits on M based on the ATLAS limits on ↵4 presented in Table 1-20
(assuming � ⇠ M , v = 0.246 TeV). The ATLAS limits on fS,0/⇤4 (see Table 1-22) can also be translated
into limits on the mass M of a broad EW resonance (� ⇠ M) as follows (using Eq. 1.61):

M =

✓

ncR16⇡

fS,0/⇤4

◆

1
4

(1.95)

where cR are the contributions to �↵4 of Table 1-31 and n = 8, 16 for the WWWW and ZZWW case,
respectively. These equivalent resonance mass sensitivities are shown in Table 1-33. Note that the sensitivities
shown in Table 1-33 are better than those in Table 1-32 because the latter were derived from the W+W�

VBS channel which has a significant tt̄ background, whereas the channels used for Table 1-33 do not su↵er
from this large background.

Type of resonance
LHC 300 fb�1 LHC 3000 fb�1

5� 95% CL 5� 95% CL

scalar � 1.8 TeV 2.0 TeV 2.2 TeV 3.3 TeV

vector ⇢ 2.3 TeV 2.6 TeV 2.9 TeV 4.4 TeV

tensor f 3.2 TeV 3.5 TeV 3.9 TeV 6.0 TeV

Table 1-33. 5�-significance discovery values and 95% CL limits for the mass M of a broad resonance
in simplified models. These values are obtained from the fS,0/⇤

4 values of Table 1-22 and using Eq. 1.95
for the WWWW case (n = 8). These studies are more sensitive than those in Table 1-32 because of the
absence of the large tt̄ background in the W

±
W

± VBS channel used for these studies, while there is a large
tt̄ background in the W

+

W

� VBS channel used for Table 1-32.

In Ref. [196], 1 � sensitivities on the anomalous couplings ↵i from VBS studies at a 1 TeV ILC (with
1 ab�1) have been translated into 1 � limits on masses of pure EW resonances (M). Table 1-34 shows the
corresponding 95% CL exclusion limits on M in the SU(2)c conserving case and assuming �/M = 1.

Community Planning Study: Snowmass 2013

•  Limits in scale are model  
dependent 

•  From fS,0 (WWWW) for  
simple models of bosonic  
resonances : 

Snowmass 2013, arXiv.1307.6708 

Kinematic selection satisfying unitarity 
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1.3 New interactions in vector boson scattering and tri-boson processes 51

have mjj > 1 TeV and the 4-lepton invariant mass m4` > 200(500) GeV, a statistical precision of 10(15)%
is achievable with 3000 fb�1, compared to 30(45)% with 300 fb�1. Since a key prediction of the SM is that
the Higgs boson unitarizes longitudinal VBS, it is important to make the definitive measurements of this
cross section, which is only possible with the high-luminosity upgrade in this clean and robust channel.

model 300 fb�1 3000 fb�1

mresonance = 500 GeV, g = 1.0 2.4� 7.5�

mresonance = 1 TeV, g = 1.75 1.7� 5.5�

mresonance = 1 TeV, g = 2.5 3.0� 9.4�

Table 1-21. Summary of the expected sensitivity to anomalous VBS signal, quoted in terms of
the background-only p

0

-value expected for signal+background. The p

0

-value has been converted to the
corresponding number of Gaussian � in significance. These results are given for the pp ! ZZ+2j ! ````+2j
channel at

p
s = 14TeV. The increase in significance with integrated luminosity is shown for di↵erent

resonance masses and couplings g.

ATLAS has also shown sensitivity studies using the fully-leptonic decay modes of W±W±, WZ and ZZ
channels in the VBS mode as well as triboson results in the Z�� channel. These results are quoted in the
language of EFT higher-dimension operators. The studies are performed in the kinematic regions where
unitarity is perserved. In this context, ATLAS has studied one dimension-6 operator, O�W of Eq. 1.23
and four dimension-8 operators, OS,0 of Eq. 1.30 and OT,i, i = 1, 8, 9 of Eqs. 1.34, 1.39, and 1.40. Their
values for 5�-significance discovery are summarised in Table 1-22, reproduced from the ATLAS report. The
high-luminosity upgrade increases the discovery potential for the operator coe�cients by factors of 2-3,
with further increases possible using analysis optimizations. If an anomaly is discovered with 300 fb�1,
the corresponding operator coe�cient can be measured with a precision of 5% or better with 3000 fb�1 of
integrated luminosity, allowing detailed studies of the underlying physics in this arena.

Parameter dimension channel ⇤UV [TeV]
300 fb�1 3000 fb�1

5� 95% CL 5� 95% CL

c�W /⇤2 6 ZZ 1.9 34 TeV�2 20 TeV�2 16 TeV�2 9.3 TeV�2

fS,0/⇤4 8 W±W± 2.0 10 TeV�4 6.8 TeV�4 4.5 TeV�4 0.8 TeV�4

fT,1/⇤4 8 WZ 3.7 1.3 TeV�4 0.7 TeV�4 0.6 TeV�4 0.3 TeV�4

fT,8/⇤4 8 Z�� 12 0.9 TeV�4 0.5 TeV�4 0.4 TeV�4 0.2 TeV�4

fT,9/⇤4 8 Z�� 13 2.0 TeV�4 0.9 TeV�4 0.7 TeV�4 0.3 TeV�4

Table 1-22. 5�-significance discovery values and 95% CL limits for coe�cients of higher-dimension
operators. Madgraph5 is used for the event generation. ⇤UV is the unitarity violation bound corresponding
to the sensitivity with 3000 fb�1 of integrated luminosity. See Table 1-33 for resonance mass limits
corresponding to the fS,0/⇤

4 sensitivity above, in a dimension-8 operator formulation and considering
simplified models of electroweak resonances.

The substantially improved sensitivity to these higher dimensional operators highlights the potential of
the LHC to probe one of the most important aspects of the electroweak sector of the SM, namely, the
unitarization of the vector boson scattering amplitudes by the Higgs mechanism. Since the ”Mexican hat”
Higgs potential is essentially just a parameterization, a more ”dynamical” explanation of this potential in
terms of the Higgs’ interaction with new scalar, vector or fermion fields involving strong dynamics can easily
induce higher-dimension operators as precursors to the more complete theory of the Higgs sector.

Community Planning Study: Snowmass 2013

ATLAS projections for Snowmass 2013 
Clear sensitivity gain with luminosity increase 

Sensitivity increase from 14 to 
33 TeV 
~ 1.2 - 2 for dim-6  (WZ,ZZ) 
~ 12 for dim-8 (Zγγ) 
Tribosons look very sensitive 
to √s  
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Parameter

p
s 14 TeV 14 TeV 33 TeV 100 TeV

Lum. 300 fb�1 3000 fb�1

fM,0/⇤4 [TeV�4]
5� 7300 (830) 3600 (310) 1900 (190) 750 (120)

95% CL 4200 (360) 1200 (160) 660 (120) 71 (59)

fM,1/⇤4 [TeV�4]
5� 7600 (1600) 3600 (680) 2100 (340) 1000 (220)

95% CL 4500 (800) 1200 (290) 770 (160) 240 (126)

fM,2/⇤4 [TeV�4]
5� 3300 (130) 510 (48) 310 (26) 120 (16)

95% CL 670 (56) 160 (21) 110 (13) 25 (10)

fM,3/⇤4 [TeV�4]
5� 2400 (250) 720 (120) 320 (66) 180 (34)

95% CL 820 (133) 210 (52) 130 (23) 38 (15)

Table 1-27. In pp ! Z�� ! l

+

l

�
�� processes, 5�-significance discovery values and 95% CL limits are

shown for coe�cients of dimension-8 operators with integrated luminosity of 300 fb�1 at
p
s = 14 TeV and

3000 fb�1 at
p
s = 14 TeV, 33 TeV and 100 TeV, respectively. To show the impact without the UV bound,

the corresponding results are shown in parentheses.

fb�1 at
p
s = 14 TeV. An increase in collider energy from 14 TeV to 33 TeV (100 TeV) increases the

sensitivity by a factor of 12 (300). This dramatic increase is tamed by the UV bound; we take this
as an indication that WWW triboson production is a sensitive channel for direct production of new
particles as the collider energy is raised.

• The triboson Z�� final state, when used to probe the OM,i dimension-8 operators, increases in
sensitivity to the operator coe�cient by a factor of 2 � 6 (depending the operator considered) when
the luminosity is increased from 300 fb�1 to 3000 fb�1 at

p
s = 14 TeV. An increase in collider energy

from 14 TeV to 33 TeV (100 TeV) increases the sensitivity by a factor of ⇡ 2 (4 to 5). These results
are strongly a↵ected by the application of the UV bound.

It is important to note that the sensitivities for the 33 TeV and 100 TeV colliders are based on analyses
that have not been re-optimized for higher energy colliders; the analyses were optimized for 14 TeV only.
Optimization of the analyses for higher collider energies is important and should be revisited in the future,
as it will lead to further improvements of the sensitivity to new physics at those machines. The leptonic
channels studied in [192] have been shown to be relatively insensitive to pileup e↵ects.

1.3.5 Multi-boson processes at lepton colliders

Di-boson processes, in particular e+e� ! W+W�, were used very successfully at LEP to probe TGCs, and
multi-boson processes have also been studied at ILC and CLIC to estimate the sensitivity to TGCs and
QGCs. Table 1-28 provides projected sensitivities to the TGCs of Eq. 1.41 at a 500 GeV and 800 GeV ILC
with polarized beams. As shown in Fig. 1-22 (see Ref. [193]), most TGCs will be better constrained at ILC
than at the LHC, though the LHC will improve significantly upon LEP and the Tevatron. For one specific
anomalous coupling parameter, ��� , the LHC and especially the HL-LHC (with 3000 fb�1) is competitive
with ILC800.

Estimates of sensitivities to CP-even aTGCs in W -boson pair production at CLIC have been provided in
Ref. [195] and reproduced for the Snowmass study in Ref. [104], as shown in Table 1-29. The TGCs gL,R

i ,�L,R

Community Planning Study: Snowmass 2013

Lepton colliders not competitive on dimention-8 operators, LHC better by 
1-2 orders of magnitude  
 



Photon-photon scattering and QGC 
•  Very forward proton taggers for ATLAS and CMS at ~200 m from the 

i.p. allow the study of Central Exclusive Production of boson pairs 
•  Key additional tool for QGC studies   
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Figure 3: Feynman diagrams of SM processes that contribute to the γγ → WW scattering amplitude in the lowest order perturbation series
with a coupling e2. The trilinear couplings of strength e are involved in diagrams a) and b) and the direct quartic coupling of strength e2 in
diagram c).

B. W pair production via photon exchanges

The process that we intend to study is theW pair production induced by the exchange of two photons as shown in Figure 3.
It is a pure QED process in which the decay products of the W bosons are measured in the central detector and the scattered
protons leave intact in the beam pipe at very small angles, contrary to inelastic collisions. Since there is no proton remnant
the process is purely exclusive; only W decay products populate the central detector, and the intact protons can be detected in
dedicated detectors located along the beam line far away from the interaction point.
Considering the interactions with at least one photon, three-bosonWWγ, and four-bosonWWγγ interactions read

LWWγ = −ie(AµW−
ν

↔
∂µ W+ν + W−

µ W+
ν

↔

∂
µ

Aν + W+
µ Aν

↔
∂µ W−ν) (8)

LWWγγ = −e2(W−
µ W+µAνAν − W−

µ AµW+
ν Aν) (9)

where the asymmetric derivative has the formX
↔
∂

µ

Y = X∂µY − Y ∂µX .
The production of Z bosons via two-photon exchange is forbidden in the lowest order perturbation theory because neither the

Z boson nor the photon carries an electric or weak charge. On the other hand, the W boson can be produced in pairs. In this
case, both the triple gaugeWWγ (with t− and u−channel exchange) and the quartic gaugeWWγγ boson interactions must be
included as shown in Figure 3.
In the γγ → WW process, the fundamental property of divergence cancellations in the SM at high energy is directly effective.

A necessary condition for the renormalizibility of the Standard Model at all orders is the so called “tree unitarity” demanding
that the unitarity is only minimally (logarithmically) violated in any fixed order of the perturbation series [7, 8]. For the binary
process of W pair production in particular, the tree level unitarity implies that the scattering amplitude γγ → WW should be
a constant or vanish in the high energy limit. In the SM, this condition is indeed satisfied due to the cancellation between t-,
u-channel and direct quartic diagrams.
The cross section is constant in the high energy limit. The leading order differential formula for the γγ → WW process is a

function of the Mandelstam variables s, t, u and the mass of the vector bosonW [9]

dσ

dΩ
=

3α2β

2s

{

1 −
2s(2s + 3M2

W )

3(M2
W − t)(M2

W − u)
+

2s2(s2 + 3M4
W )

3(M2
W − t)2(M2

W − u)2

}

(10)

where β =
√

1 − 4M2
W/s is the velocity of theW bosons. For s → ∞ the total cross section is σtot = 80.8 pb.

Measuring the γγ → WW scattering process at the LHC is therefore interesting not only because we can use the hadron-
hadron machine as the photon-photon collider with a clean collision environment without beam remnants, but also because it
provides a very clear test of the Standard Model consistency in a rather textbook process.
The cross section of the pp → pWWp process which proceeds through two-photon exchange is effectively calculated as a

convolution (7) of the two-photon luminosity and the total cross section γγ → WW (10). The total two-photon cross section is
95.6 fb.
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Figure 17: Number of events for signal (left) due to different values of anomalous couplings after all cuts (see text) for L=30 fb−1, and 5σ
discovery contours (right) for all theWW and ZZ quartic couplings at

√
s = 14TeV for L=30 fb−1and L=200 fb−1.

events for 30 fb−1

cut ∆κγ = 0.3 (with f.f.)
plep1,2

T > 10GeV 194
0.0015 < ξ < 0.15 179

E̸T > 20GeV 158
W > 160GeV 158
∆φ < 2.7 rad 118

plep1

T > 25GeV 112
W < 500 98

events for 30 fb−1

cut λγ = 0.1 (with f.f.)
plep1,2

T > 10GeV 168.
0.0015 < ξ < 0.15 119

E̸T > 20GeV 107
W > 800GeV 25

Mll /∈< 80, 100 > 25
∆φ < 3.13 rad 24

plep1

T > 160GeV 19

Table VIII: Selection of the ∆κγ and λγ signal by the successive application of the cuts. The number of events is given for integrated
luminosity L = 30 fb−1.

irrespective of the triple ones. The production cross sections corresponding to the current limits for∆κγ and λγ are rather small,
hence, the only option to gain an improvement is to consider the high luminosity scenario with forward detectors.
The signal selection follows closely two already defined strategies. Since ∆κγ changes only the normalization, the signal at

low W masses has to be retained. Therefore the selection of the signal is the same as it was optimized for the measurement of
the SM pp → pWWp cross section (Section VC). On the contrary, the signal due to λγ parameters appears at high mass with
high pT objects created in the central detector. We can simply use the signal selection requirements designed for the quartic
couplings discussed in (Section VI B). For clarity, we use the following cuts:
for∆κγ :

plep1

T > 25GeV, plep2

T > 10GeV, 0.0015 < ξ < 0.15, E̸T > 20GeV, 160 < W < 500GeV, ∆φ < 2.7 rad (32)

and for λγ :

plep1

T > 160GeV, plep2

T > 10GeV, 0.0015 < ξ < 0.15, E̸T > 20GeV, W > 800GeV,

Mll /∈ ⟨80, 100⟩ GeV, ∆φ < 3.13 rad (33)

The expected backgrounds forL = 30 fb−1 are 1.7±0.1 fb for∆κγ and 0.90±0.05 for∆κγ as discussed in sections VC and
VIB. The successive application of all mentioned requirements for∆κγ and λγ signal is detailed in Table VIII for L=30 fb−1.

B. Sensitivities at high luminosities

The sensitivities are summarized in Table IX for 30 and 200 fb−1. Comparing these values with the current limits from the
Tevatron, we see that the improvement is limited, about a factor of 2 with 30 fb−1of collected luminosity.
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Figure 3: Feynman diagrams of SM processes that contribute to the γγ → WW scattering amplitude in the lowest order perturbation series
with a coupling e2. The trilinear couplings of strength e are involved in diagrams a) and b) and the direct quartic coupling of strength e2 in
diagram c).

B. W pair production via photon exchanges

The process that we intend to study is theW pair production induced by the exchange of two photons as shown in Figure 3.
It is a pure QED process in which the decay products of the W bosons are measured in the central detector and the scattered
protons leave intact in the beam pipe at very small angles, contrary to inelastic collisions. Since there is no proton remnant
the process is purely exclusive; only W decay products populate the central detector, and the intact protons can be detected in
dedicated detectors located along the beam line far away from the interaction point.
Considering the interactions with at least one photon, three-bosonWWγ, and four-bosonWWγγ interactions read
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LWWγγ = −e2(W−
µ W+µAνAν − W−

µ AµW+
ν Aν) (9)

where the asymmetric derivative has the formX
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∂
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Y = X∂µY − Y ∂µX .
The production of Z bosons via two-photon exchange is forbidden in the lowest order perturbation theory because neither the

Z boson nor the photon carries an electric or weak charge. On the other hand, the W boson can be produced in pairs. In this
case, both the triple gaugeWWγ (with t− and u−channel exchange) and the quartic gaugeWWγγ boson interactions must be
included as shown in Figure 3.
In the γγ → WW process, the fundamental property of divergence cancellations in the SM at high energy is directly effective.

A necessary condition for the renormalizibility of the Standard Model at all orders is the so called “tree unitarity” demanding
that the unitarity is only minimally (logarithmically) violated in any fixed order of the perturbation series [7, 8]. For the binary
process of W pair production in particular, the tree level unitarity implies that the scattering amplitude γγ → WW should be
a constant or vanish in the high energy limit. In the SM, this condition is indeed satisfied due to the cancellation between t-,
u-channel and direct quartic diagrams.
The cross section is constant in the high energy limit. The leading order differential formula for the γγ → WW process is a

function of the Mandelstam variables s, t, u and the mass of the vector bosonW [9]
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where β =
√

1 − 4M2
W/s is the velocity of theW bosons. For s → ∞ the total cross section is σtot = 80.8 pb.

Measuring the γγ → WW scattering process at the LHC is therefore interesting not only because we can use the hadron-
hadron machine as the photon-photon collider with a clean collision environment without beam remnants, but also because it
provides a very clear test of the Standard Model consistency in a rather textbook process.
The cross section of the pp → pWWp process which proceeds through two-photon exchange is effectively calculated as a

convolution (7) of the two-photon luminosity and the total cross section γγ → WW (10). The total two-photon cross section is
95.6 fb.
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cut ∆κγ = 0.3 (with f.f.)
plep1,2

T > 10GeV 194
0.0015 < ξ < 0.15 179

E̸T > 20GeV 158
W > 160GeV 158
∆φ < 2.7 rad 118
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T > 25GeV 112
W < 500 98

events for 30 fb−1

cut λγ = 0.1 (with f.f.)
plep1,2

T > 10GeV 168.
0.0015 < ξ < 0.15 119

E̸T > 20GeV 107
W > 800GeV 25

Mll /∈< 80, 100 > 25
∆φ < 3.13 rad 24
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T > 160GeV 19

Table VIII: Selection of the ∆κγ and λγ signal by the successive application of the cuts. The number of events is given for integrated
luminosity L = 30 fb−1.

irrespective of the triple ones. The production cross sections corresponding to the current limits for∆κγ and λγ are rather small,
hence, the only option to gain an improvement is to consider the high luminosity scenario with forward detectors.
The signal selection follows closely two already defined strategies. Since ∆κγ changes only the normalization, the signal at

low W masses has to be retained. Therefore the selection of the signal is the same as it was optimized for the measurement of
the SM pp → pWWp cross section (Section VC). On the contrary, the signal due to λγ parameters appears at high mass with
high pT objects created in the central detector. We can simply use the signal selection requirements designed for the quartic
couplings discussed in (Section VI B). For clarity, we use the following cuts:
for∆κγ :

plep1

T > 25GeV, plep2

T > 10GeV, 0.0015 < ξ < 0.15, E̸T > 20GeV, 160 < W < 500GeV, ∆φ < 2.7 rad (32)

and for λγ :

plep1

T > 160GeV, plep2

T > 10GeV, 0.0015 < ξ < 0.15, E̸T > 20GeV, W > 800GeV,

Mll /∈ ⟨80, 100⟩ GeV, ∆φ < 3.13 rad (33)

The expected backgrounds forL = 30 fb−1 are 1.7±0.1 fb for∆κγ and 0.90±0.05 for∆κγ as discussed in sections VC and
VIB. The successive application of all mentioned requirements for∆κγ and λγ signal is detailed in Table VIII for L=30 fb−1.

B. Sensitivities at high luminosities

The sensitivities are summarized in Table IX for 30 and 200 fb−1. Comparing these values with the current limits from the
Tevatron, we see that the improvement is limited, about a factor of 2 with 30 fb−1of collected luminosity.
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The sensitivities to anomalous quartic photon couplings at the Large Hadron Collider are esti-
mated using diphoton production via photon fusion. The tagging of the protons proves to be a very
powerful tool to suppress the background and unprecedented sensitivities down to 6 · 10−15 GeV−4

are obtained, providing a new window on extra dimensions and strongly-interacting composite states
in the multi-TeV range. Generic contributions to quartic photon couplings from charged and neutral
particles with arbitrary spin are also presented.

PACS numbers:

Several major experimental and conceptual facts, like
the overwhelming evidence for dark matter or the gauge-
hierarchy problem, point towards the existence of new
physics beyond the Standard Model (SM) at a scale rela-
tively close to the electroweak scale. In spite of natural-
ness arguments, this pradigm of a TeV-scale new physics
is challenged by both direct searches at the Large Hadron
Collider (LHC) and by indirect measurements like the
LEP electroweak precision tests. In the scenario of new
physics out of reach from direct observation at the LHC,
one may expect that the first manifestations show up
in precision measurements of the SM properties. Such
powerful precision tests are already well advanced in the
electroweak and flavour sectors of the SM, and distor-
tions of the newly discovered Higgs sector are also being
scrutinized. However, another sector of the SM can be
tested with high precision at the LHC, the one of pure
gauge interactions.

In this Letter, four-photon (4γ) interactions through
diphoton production via photon fusion with intact out-
going protons are considered (Fig. 1). Interactions be-
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FIG. 1: Diphoton production via photon fusion sensitive to
4γ anomalous couplings. Both protons are intact in the final
state.

tween photons and Z, W bosons in a similar case have
already been studied [1]. The only existing direct lim-
its on 4γ interactions originate from low energy laser
experiments [2]. The study of this process in LHC
proton-proton collisions at center-of-mass energy of

√
s =

14TeV will benefit from the new forward proton detec-
tors considered in the ATLAS and CMS/TOTEM ex-
periments [3]. We first provide the generic new physics
contributions to the 4γ couplings and point out sizable
contributions from strongly-coupled and warped extra
dimension scenarios. The sensitivities of the upgrades
of the ATLAS and CMS/TOTEM experiments are then
given including all backgrounds.
In the assumption of a new physics mass scale Λ heav-

ier than experimentally accessible energy E, all new
physics manifestations can be described using an effective
Lagrangian valid for Λ ≫ E. Among these operators, the
pure photon dimension-eight operators

L4γ = ζγ1FµνF
µνFρσF

ρσ + ζγ2FµνF
νρFρλF

λµ (1)

can induce the γγ → γγ process, highly suppressed in
the SM [4, 5]. We discuss here possible new physics con-
tributions to ζγ1,2 that can be probed and discovered at
the LHC using the forward proton detectors.
Loops of heavy charged particles contribute to the 4γ

couplings [4] as ζγi = α2
emQ

4 m−4 N ci,s, where

c1,s =

⎧

⎪

⎨

⎪

⎩

1
288

s = 0

− 1
36

s = 1
2

− 5
32

s = 1

, c2,s =

⎧

⎪

⎨

⎪

⎩

1
360

s = 0
7
90

s = 1
2

27
40

s = 1

(2)

where s denotes the spin of the heavy particle of mass m
running in the loop and Q its electric charge. The fac-
tor N counts all additional multiplicities such as color or
flavor. These couplings scale as ∼ Q4 and are enhanced
in presence of particles with large charges. For example,
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tor N counts all additional multiplicities such as color or
flavor. These couplings scale as ∼ Q4 and are enhanced
in presence of particles with large charges. For example,

4

TABLE I: Number of signal (for ζ1 = 2 · 10−13 GeV−4) and background events after various selections for an integrated
luminosity of 300 fb−1 and µ = 50 at

√
s = 14 TeV. At least one converted photon is required. Excl. stands for exclusive

backgrounds and DPE for double pomeron exchange backgrounds (see text).

Cut / Process Signal Excl. DPE e+e−, dijet + pile-up γγ + pile-up

0.015 < ξ < 0.15, pT1,2 > 50 GeV 20.8 3.7 48.2 2.8 · 104 1.0 · 105

pT1 > 200GeV, pT2 > 100 GeV 17.6 0.2 0.2 1.6 2968
mγγ > 600 GeV 16.6 0.1 0 0.2 1023

pT2/pT1 > 0.95, |∆φ| > π − 0.01 16.2 0.1 0 0 80.2√
ξ1ξ2s = mγγ ± 3% 15.7 0.1 0 0 2.8
|yγγ − ypp| < 0.03 15.1 0.1 0 0 0

γγ/mmiss
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FIG. 3: Diphoton to missing proton mass ratio (left) and rapidity difference (right) distributions for signal considering two
different coupling values (10−12 and 10−13 GeV−4, see Eq. 1) and for backgrounds after requirements on photon pT, diphoton
invariant mass, pT ratio between the two photons and on the angle between the two photons. At least one converted photon
is required. The integrated luminosity is 300 fb−1 and the average pile-up is µ = 50.

TABLE II: 5σ discovery and 95% CL exclusion limits on ζ1
and ζ2 couplings in GeV−4 (see Eq. 1) with and without form
factor (f.f.), requesting at least one converted photon (≥ 1
conv. γ) or not (all γ). All sensitivities are given for 300 fb−1

and µ = 50 pile-up events (medium luminosity LHC) except
for the numbers of the last column which are given for 6000
fb−1 and µ = 200 pile-up events (high luminosity LHC).

Luminosity 300 fb−1 300 fb−1 300 fb−1 6000 fb−1

pile-up (µ) 50 50 50 200

coupling ≥ 1 conv. γ ≥ 1 conv. γ all γ all γ
(GeV−4) 5 σ 95% CL 95% CL 95% CL
ζ1 f.f. 1 · 10−13 7 · 10−14 4 · 10−14 2 · 10−14

ζ1 no f.f. 3 · 10−14 2 · 10−14 1 · 10−14 6 · 10−15

ζ2 f.f. 3 · 10−13 1.5 · 10−13 8 · 10−14 4 · 10−14

ζ2 no f.f. 7 · 10−14 2 · 10−14 2 · 10−14 1 · 10−14

(3) via loop effects. The analysis greatly benefits from
the kinematical constraints from the photon and proton
measurements, which allows us to obtain negligible back-
grounds.
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Strongly suppressed  
in SM 

Orders of magnitude  
beyond LEP before ILC 
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QCD  
MEASUREMENTS 



PDF: state of the art 
•  PDFs are the limiting factor in many predictions for hadronic colliders 

•  σ(gg èH) has a ~ 8% uncertainty due to PDFs 
•  mW, sin2(θeff),… 

•  LHC data starts to be used on top of HERA/Tevatron 
•  NNPDF 2.3 (also add QED) 
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gg gg 

qq qq 

For gg luminosity not so good 
agreement in the region of the 
EW scale between GLOBAL 
PDF SET 

l  For qq luminosity quite       
good agreement in the        
region of the EW scale         
between GLOBAL PDF SET 

l  Uncertainty blow up for       
large-mass final states        

JHEP 1304, 125 (2013) 



PDF: new inputs from LHC 
•  several new measurements available 
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Jets cross section:  
pT < 800 GeV sensitive to gluon 
pT > 800 GeV sensitive to quark 

W charge asymmetry shows 
discrepancies with old PDFs 
Sensitivity to valence quarks in 
10-3 < x <10-1 range 
 

W+c: sensitive to 
strange quark sea 
beyond DIS analyses 
Different conclusions 
on s symmetry? 



17 Juan Rojo                                                                                                                     LHC Top WG, CERN, 19/04/2012

 Top quark cross-section data discriminates between PDF sets

 In addition, it can also be used to reduce the PDF uncertainties within a single PDF set

 Included the most precise top quark data into the NNPDF2.3 global PDF analysis

 Top quark cross-section data reduces the PDF 
uncertainty in the large-x gluon by up to 20%

 The impact is restricted to the region between 
0.1<x<0.5, where the correlation between the gluon 
and the top cross section is most significant 

PDF: long(er) term wish list 
•  LHC is enlarging the range of processes which can be 

studied (see PDF4LHC workshops) 
•  Gluon PDFs at small x still dominated by HERA, but useful 

contributions can come on a wide range 
•  Isolated photons, photons+jets: medium x gluons (QCD 

Compton scattering) 
•  Vector bosons + jets (high pT): small to medium x gluons (qg 

dominating at pT > 100 GeV) 
•  Low mass Drell-Yan: small x gluons (if resummed calculations 

available; LHCb particularly sensitive in its acceptance) 
•  tt production (known at NNLO): large x gluons (important for 

high mass BSM) 
•  Quark PDFs 

•  Ratios of Ws and Z at high pT : quark-antiquark separation (with 
small uncertainties) 

•  High mass Drell-Yan: large x quarks (again high mass BSM 
would benefit) 
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The strong coupling constant 
•  Basic input of global EW fits and many predictions 

•  E.g. H è bb width 
•  State of the art: αS(MZ) = 0.1185 ± 0.0006 (PDG 2013) 

•  Driven by lattice precision 
•  If δlattice ~ 0.0004 can experimental determinations follow? 

•  Hadronic machines: NNLO σ(tt) is a powerful tool 
•  CMS: 0.1178 +0.0033

-0.0032  
•  Further improvements expected by LHC with NNLO predictions, but 

hard to go below 1% 
•  Still useful measurements at high Q2, complementary to the bulk of 

determinations 
•  The most promising approach: Rl=Γ(Zè hadrons)/Γ(Zè ll) at 

GigaZ@ILC (0.0004) / TeraZ@TLEP (0.0001) 
•  With the Higgs mass known the parametric uncertainty on αS from Rl  

dominated by the experimental measurement 
•  At TLEP also W branching ratios competitive 
•  Other approaches at ~1% 
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30 9. Quantum chromodynamics

Preliminary determinations of αs from CMS data on the ratio of inclusive 3-jet to
2-jet cross sections [259], at NLO, and from the top-quark cross section [301], in
NNLO, quote values of αs(M2

Z) = 0.1148± 0.0014(exp.)± 0.0018(PDF)+0.0050
−0.0000(scale) and

αs(M2
Z) = 0.1151+0.0033

−0.0032, respectively, indicating many new results to be expected for
inclusion in upcoming reviews.

9.3.11. Electroweak precision fits :
The N3LO calculation of the hadronic Z decay width was used in a revision of the global
fit to electroweak precision data [349], resulting in αs(M2

Z) = 0.1193± 0.0028, claiming a
negligible theoretical uncertainty. For this Review the value obtained in Sec. Electroweak
model and constraints on new physics from data at the Z-pole, αs(M2

Z) = 0.1197± 0.0028
will be used instead, as it is based on a more constrained data set where QCD corrections
directly enter through the hadronic decay width of the Z. We note that all these
results from electroweak precision data, however, strongly depend on the strict validity
of Standard Model predictions and the existence of the minimal Higgs mechanism to
implement electroweak symmetry breaking. Any - even small - deviation of nature from
this model could strongly influence this extraction of αs.

0.11 0.12 0.13
αα    ((ΜΜ    ))s ΖΖ

Lattice
DIS 
e+e- annihilation

τ-decays 

Z pole fits 

Figure 9.3: Summary of values of αs(M2
Z) obtained for various sub-classes

of measurements (see Fig. 9.2 (a) to (d)). The new world average value of
αs(M2

Z) = 0.1185 ± 0.0006 is indicated by the dashed line and the shaded band.

9.3.12. Determination of the world average value of αs(M2
Z) :

Obtaining a world average value for αs(M2
Z) is a non-trivial exercise. A certain

arbitrariness and subjective component is inevitable because of the choice of measurements
to be included in the average, the treatment of (non-Gaussian) systematic uncertainties
of mostly theoretical nature, as well as the treatment of correlations among the various
inputs, of theoretical as well as experimental origin.

We have chosen to determine pre-averages for classes of measurements which are
considered to exhibit a maximum of independence between each other, considering
experimental as well as theoretical issues. These pre-averages are then combined to the
final world average value of αs(M2

Z), using the χ2 averaging method and error treatment
as described above. The five pre-averages are summarized in Fig. 9.3; we recall that these

December 18, 2013 12:00



PDF and αS measurement potential from 
LHeC 

•  e(60 GeV) colliding on LHC protons 
•  Very low x (10-6) and high x – Q2 (> 0.3, ~ 105) accessible, hot regions 

where gluon PDF is unconstrained by HERA 
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18 Working group report: QCD

di↵ering by orders of magnitude appear in its determination. This is related to uncertainties in jet data,
theory uncertainties and the fact that HERA had not enough luminosity to cover the high x region. Moreover,
the sensitivity to xg at HERA diminishes, as the valence quark evolution is insensitive to it. The larger x
situation can be expected to improve with LHC jet data and possibly top data and the HERA II data. The
right panel shows the experimental uncertainty of xg based on the LHeC, on HERA alone and in various
combinations with further data; see the LHeC design report [23] for more details. At small x a few per cent
precision becomes possible, as can be seen by comparing the right and left panels. Note that the non-LHeC
low x uncertainty bands (right) remain narrow below x ' 10�3, as an artifact due to the parameterization
of xg.

It is for the LHeC to discover whether xg saturates or not and whether indeed the DGLAP equations need
to be replaced by non-linear parton evolution equations such as BFKL. This is important not only for QCD
but also for super high energy neutrino physics and low x physics at the LHC. In the region of the Higgs
data at the LHC, x ⇠ 0.02, the LHeC will pin down the gluon extremely accurately and the gg ! H cross
section uncertainties will essentially be removed as has been discussed in [25]. At large values of e.g. x = 0.6
the LHeC can be expected to determine xg to 5 � 10% precision (inner blue band). This is crucial for
when the LHC operates at maximum luminosity and the searches approach the few TeV mass region, as in
gg ! g̃g̃ [78]. It is also important for testing QCD, as factorization and scales, as well as electroweak e↵ects
at large x in a future critical comparison of such ep with LHC pp data as for jets, see also [24]. Similarly,
surprises may result from comparisons with inclusive LHeC jet data, not considered here. PDF physics rests
on controlling and testing the underlying theory.
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Figure 1-5. Uncertainty of the gluon distribution at Q2 = 1.9GeV2 as a function of Bjorken x, see text.
The LHeC PDF set, corresponding to the inner blue error band, is available on LHAPDF.

1.5.5.2 Final Remark

It is important to emphasize that while the PDF analysis presented here serves as a valid starting point for
comparison with existing PDFs, the LHeC has a unique potential to release the underlying simplifying as-
sumptions and to provide a radically di↵erent and novel way to determine the PDFs. With the consideration
of the direct measurements of the strange, charm and beauty PDFs, and perhaps even the top PDF, and with
the addition of tagged eD data, it will be possible to analyze the behavior of not just 4 suitable combinations
of PDFs but to determine the full set for the first time with crucial direct input. For example, the valence
quarks at high x will be determined by high statistics CC data, and at low x they will be measured with
electroweak structure functions. Light quarks can be determined independently of each other using ep and
en and CC data. The LHeC the will radically change the world of PDFs. The present study of uncertainties

Community Planning Study: Snowmass 2013

•  Large improvements expected in both the low 
and high x range 

•  Complementary measurements would allow to 
disentangle all quark contributions 

•  αS from NC – CC measurements at 0.2%  
•  Theoretical NNNLO predictions 

uncertainty ~ 0.5%  
J. Phys. G 39 075001 (2012) 



Final remarks and hints for discussion 
•  The utility of the W/Z precision measurements depends on 

the scenario 
•  If new physics directly discovered, they are a tool to characterize it 
•  Otherwise they are a tool to probe regions kinematically inaccessible 
•  mW and sin2(θeff) have different sensitivities to oblique corrections 

• Boson couplings are sensitive to physics at high scales 
•  Increasing both precision and energy allows to push sensitivity to new 

physics at higher scales 
•  VV scattering study is a must, especially after the Higgs discovery 

•  The leptonic machines are preferable for the former, while 
hadronic machines look winning on QGC/VBS 

• Hadronic machines require lots of ancillary QCD work to give 
the best results, both theoretical and experimental 
•  PDFs first of all  
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BACKUP 



QCD higher order corrections  

•  State of the art: multi-body NLO predictions merged and matched 
with PS 

•  NNLO calculations are essential to reduce theoretical uncertainties  
•  also in PDF analysis 

•  Up to last year, only small number of processes relevant for PDFs 
available at NNLO 

•  Recent important progress was made on some key processes  
•  NNLO inclusive jet production in the gluon-gluon channel has been completed (arxiv:

1310.3993), jet data essential in PDF fits for gluons and large-x quarks 
•  In order to match the desired precision: 

•  NNLO QCD 2 è 2(3) often needed 
•  σ(Higgs/W/Z) even NNNLO 

•  At high energies EW and QCD corrections comparable, NLO EW needed: how to 
combine? 
•  high pT regions make predictions sensitive to EW already at 14 TeV 

•  High jet multiplicities requires both NLO accuracies and higher order resummation 
•  Geneva approach 

•  NNLO + PS? 
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FCC-hh possibilities 
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Coupling evolution in Drell Yan: 
effect of New Physics 

see R. Tenchini’s talk 

High energy regime allows to push 
studies in the far tails of distributions 



sin2(θeff) @ LHeC 
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Scale dependence of  sin2θW 
` Preliminary sketch  

LHeC/FCC-he 
- Energy range 10-2000 GeV 
- Sensitivity from: 

- ALR at high Q2  
� VNC/VCC at lower Q2 

5/22/2014 Monica D'Onofrio, CSN1, La Biodola  17 

Electroweak Physics in ep (II) 

  
Polarisation Asymmetry A-(Q) 
 
NC-to-CC Ratio R- for P=±0.8 
 
Measure weak mixing angle 
redundantly with very  
high precision of about 0.0001 
as a function of the scale. 
 
1% δMtop  is about δ = 0.0001 
 
PDF uncertainty comes in at  
second order and ep provides 
very precise PDFs 

LHeC 

5/22/2014 Monica D'Onofrio, CSN1, La Biodola  36 

See M. d’Onofio’s talk 



αem(MZ) from e+e- for global fits  
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Hadronic contribution to αem(MZ)  (Adler function) 

δ2Δα(5)
had(-s0)   

Courtesy of F. Jegerlehner 

Δαhad
(5) (MZ

2 ) = 0.027498± 0.000135

 e+e- data into hadrons: current and future activities 

Possible Upgrade in energy of DAFNE 

~1% ~3-5% δσHAD ~6-15% ~6% 

BES-III (ISR) 

2 

11 

 e+e-→3π'

 e+e-→4π'

 e+e-→2π2Κ'
DAFNE-2 

DAFNE-2  is statistically equivalent to  5÷10 ab-1 (Super)B-factory 

•  Published BaBar results:89 fb-1(ISR) 
▲  “BaBar” × 10 (890 fb-1) 
o  DAFNE-2 energy scan: 20 pb-1/point 
    @ L= 1032 cm-2 s-1, 25 MeV bin 
     ⇒ 1 year data-taking 

Impact of DAFNE-2 on exclusive channels in  
the range [1-2.5] GeV  with a scan (Statistics only) 

D. Babsuci et al, arXiv:1007.521 

See G. Venanzoni’s talk 

Basic input for theoretical predictions  
both for EW global fit and muon g-2 


