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New forces

Major distinction between new force coupled to the beam at tree-level

and new force not coupled to the beam at tree-level

both charged and neutral
both charged and neutral

both charged and neutral

both charged and neutral
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Bounds at hadron colliders
tree-level coupling to the beams

B → L : gZ→ ↑ 3 · gV,qL = 3 · gV,dR = 3 · gV,uR ,

→gZ→ ↑ gV,ωL = gV,eR . (4)

Y
→ : gZ→/g1 ↑ 6 · gV,qL = →3 · gV,dR =

3

2
· gV,uR ,

gZ→/g1 ↑ →2gV,ωL = →gV,eR . (5)

B3 → L3 : gZ→ ↑ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR ,
→gZ→ ↑ gV,ωL,3 = gV,εR . (6)

We also consider a fully leptophobic scenario, which might also be thought to be “nightmare”
scenario for all lepton colliders, where the gauge boson couples only to third-generation quarks, corres-
ponding to the quantum number B3. The non-zero couplings in this case are:

B3 : gZ→ ↑ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR . (7)

Conversely, in a quark-phobic scenario, the gauge boson couples exclusively to third-generation
leptons. The only non-zero couplings are:

L3 : gZ→ ↑ gV,ωL,3 = gV,εR = cωL,3 = cεR . (8)

[RF: Try to say c=g for vector couplings] This setup also poses challenges for lepton colliders, as there
are no direct couplings at tree level to electron or muon beams.

To offer a wider picture of the result for further Z → boson couplings we present a scenario still
related to the accidental symmetries of the SM. It describes the Z

→ of the sum of baryon and lepton
number in the third generation, for which the only non-zer couplings are

B3 + L3 : gZ→ ↑ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR ,
gZ→ ↑ gV,ωL,3 = gV,εR . (9)

A full exploration of all the possible Z → coupling structures is beyond our point. In any case, as an
illustration of certain peculiarities that can happen in this type of exploration of new physics, we consider
also a simple example that is a universal third-generation gauge boson, denoted by U3, which couples
equally to all third-generation fermions. Its non-zero couplings are given by:

U3 : gZ→ ↑ gV,qL,3 = gV,bR = gV,tR = gV,ωL,3 = gV,εR . (10)

Other interesting scenarios can further be imagined. Some of them involve a gauge boson associ-
ated with generators of non-abelian symmetries, such as T 3

R. However we will see that the contributions
to loop functions entering the muon couplings with these vectors has to vanish due to the traceless nature
of the SU(2) generators involved. More generally on could extend our work to spin-1 resonances whose
couplings can distinguish between left- and right-handed Standard Model fields. These can arise for
instance in models of fermion and Higgs compositeness. Their coupling structure is more general that
the vector-like case we want to focus on here. These and other possible choices for the states coupled to
the new force will be discussed elsewhere [3].

[RF: As an illustration of a coupling that distinguishes chirality of the SM matter fields we

consider

ωTRPC : gZ→ ↑ ctR . (11)

]
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Bounds at lepton colliders 

gV, fgV, f

tree-level coupling to the beams
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116 CHAPTER 8. BEYOND THE STANDARD MODEL
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95% CL scale limits on 2-fermion 2-boson contact interactions

Fig. 8.2: Exclusion reach of different colliders on the two-fermion/two-boson contact inter-
actions from the operator OW and OB. The blue bars give the reach on the effective scale
L/(g2

2
pcW ) and the orange bars on L/(g2

1
pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

New Summary (in progress)
Added muCol 3 TeV and 10 TeV (Abstract #207) and a 

rescaling of 100 TeV 30/ab FCChh to 85 TeV 30/ab (Abstracts 
#227 + #233 #241 #242 #247 #261 ) 

The rest is taken from 2019 Briefing Book 

Straight part of each bound from EFT bounds on  from 
EW fit (e.g. PPG19, Snowmass 22, PPG25 … )  TBU

c2B
→

Bottom line: Y-Universal Z’ representative of gauge boson coupled 
to all fermions; Higher energy projects can bring the largest jump in 
sensitivity w.r.t. HL-LHC, up to O(10) stronger bound on the coupling 

Updates foreseen: Update-able from EW fit result from EW PPG, 
exploration of any difference from global   single operator for this 
scenario in the updated fits 

Questions and things still to do: what happens when not coupled 
to beams?  (partial answer in the next slides)

↔
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Many possible coupling choices

gQ ge gμ
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Le − Lμ

gQ ge gμ
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Towards a summary plot
only lepton coupled at tree-level

Higgs Electroweak Top factory (HET) 2412.14241, 2107.11194, 
2410.12903 (FCCee ,   + mono  no det. sim,  ILC Delphes 
mono ). Harmonization and improvement needed. 

FCChh (no tree-level coupling to the beam) result from 2205.13552 
for 100 TeV rescaled to 85 TeV  

MuC 2308.12804, 2205.13552 (EFT , direct 3 TeV, 10 TeV(TBU))

4f ℓℓ(+γ) γ
γ

Bottom line: lepton colliders very effective, very strong EFT bounds 

Thing to do: Harmonize lower energies  information, try other scenarios in 
which beams are decoupled from the Z’

e+e−
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Conclusions

 The landscape of new gauge bosons is very rich. Extensive coverage requires 
extensive collider program(s).  

Combination of indirect and direct search extends the reach significantly. All projects 
benefit of the combination of the two approaches. Higher energy machine probe 
higher masses and/or smaller couplings. 

Tree-level production mechanism of on/off shell gauge bosons well explored and well 
represented by benchmarks à la .  

Possible to consider variations of tree-level coupled vectors (e.g. decay to vectors) to 
explore role of detectors. 

Possible to consider more scenarios of vectors not coupled to the beams (e.g. no 
coupling to electrons, no coupling to muon, …) 

Y′￼

10



Thank you!
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B-L vs Y’

Also B-L has a O(1) coupling to both leptons and quarks, not too dissimilar from Y’

B → L : gZ→ ↑ 3 · gV,qL = 3 · gV,dR = 3 · gV,uR ,

→gZ→ ↑ gV,ωL = gV,eR . (4)

Y
→ : gZ→/g1 ↑ 6 · gV,qL = →3 · gV,dR =

3

2
· gV,uR ,

gZ→/g1 ↑ →2gV,ωL = →gV,eR . (5)

B3 → L3 : gZ→ ↑ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR ,
→gZ→ ↑ gV,ωL,3 = gV,εR . (6)

We also consider a fully leptophobic scenario, which might also be thought to be “nightmare”
scenario for all lepton colliders, where the gauge boson couples only to third-generation quarks, corres-
ponding to the quantum number B3. The non-zero couplings in this case are:

B3 : gZ→ ↑ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR . (7)

Conversely, in a quark-phobic scenario, the gauge boson couples exclusively to third-generation
leptons. The only non-zero couplings are:

L3 : gZ→ ↑ gV,ωL,3 = gV,εR = cωL,3 = cεR . (8)

[RF: Try to say c=g for vector couplings] This setup also poses challenges for lepton colliders, as there
are no direct couplings at tree level to electron or muon beams.

To offer a wider picture of the result for further Z → boson couplings we present a scenario still
related to the accidental symmetries of the SM. It describes the Z

→ of the sum of baryon and lepton
number in the third generation, for which the only non-zer couplings are

B3 + L3 : gZ→ ↑ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR ,
gZ→ ↑ gV,ωL,3 = gV,εR . (9)

A full exploration of all the possible Z → coupling structures is beyond our point. In any case, as an
illustration of certain peculiarities that can happen in this type of exploration of new physics, we consider
also a simple example that is a universal third-generation gauge boson, denoted by U3, which couples
equally to all third-generation fermions. Its non-zero couplings are given by:

U3 : gZ→ ↑ gV,qL,3 = gV,bR = gV,tR = gV,ωL,3 = gV,εR . (10)

Other interesting scenarios can further be imagined. Some of them involve a gauge boson associ-
ated with generators of non-abelian symmetries, such as T 3

R. However we will see that the contributions
to loop functions entering the muon couplings with these vectors has to vanish due to the traceless nature
of the SU(2) generators involved. More generally on could extend our work to spin-1 resonances whose
couplings can distinguish between left- and right-handed Standard Model fields. These can arise for
instance in models of fermion and Higgs compositeness. Their coupling structure is more general that
the vector-like case we want to focus on here. These and other possible choices for the states coupled to
the new force will be discussed elsewhere [3].

[RF: As an illustration of a coupling that distinguishes chirality of the SM matter fields we

consider

ωTRPC : gZ→ ↑ ctR . (11)

]
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Fig. 4: FCC-hh reach for selected benchmark models U(1)B→L (left), U(1)q (centre) and U(1)R (right). Further
details can be found in Ref. [131].

Fig. 5: Reach projections for a right-handed HVT (left, ‘Model D’) and a HVT expected to arise in composite
Higgs models (right, ‘Model E’). For all details, the reader is referred to Ref. [131].

hh would play an integral role [133]. Further studies of high-mass resonance searches, motivated by a
broad variety of BSM models, were presented in [134]. The discovery reach for a selection of s-channel
resonances in FCC-hh is presented in [135] and the general impact of non-baseline energy/luminosity
scenarios for high-mass searches is discussed in [6]. In summary, the general direct reach of FCC-hh for
new gauge forces and vector resonances extends considerably beyond the 10 TeV scale.
Benchmark: Leptoquarks. In Ref. [136], leptoquark models were considered for various future col-
liders in the context of the B-physics anomalies. As depicted in Fig. 6, FCC-hh has considerable direct
reach, through a combination of pair production and t-channel single lepto-quark contributions to µµ
final states. It is important to note that, as emphasised in Ref. [136], FCC-hh offers to directly discover
the leptoquarks, as opposed to indirectly constrain them.
Benchmark: EW Phase Transition. Probing BSM modifications of the nature of the EW phase transi-
tion, through measurements of the Higgs self-coupling, is an important component of an energy frontier
programme. Fig. 15 of Ref. [1], adapted from Ref. [137], shows the reach for a real singlet scalar model
(without a Z2-symmetry), wherein all orange points have a first-order phase transition (FOPT), the vast
majority of which are within the reach of FCC through the fractional change in the Higgs coupling to a
pair of Z bosons relative to its SM value (‘hZZ coupling’) vs. the triple-Higgs coupling normalised to its
SM value (‘hhh coupling’). The region outside the two FCC-hh lines and above the FCC-ee line can be

9

Prospects in BSM physics at FCC, #242  from 2407.11117 

Field U(1)B→xL U(1)R U(1)q+xu

QL = (uL, dL)T 1/3 0 1/3

uR 1/3 →1/3 x/3

dR 1/3 1/3 (2→ x)/3

LL = (ωL, eL)T →x 0 →1

eR →x 1/3 →(2 + x)/3

H 0 →1/3 (x→ 1)/3

Table 4.1: Several U(1)X extensions of the SM and the U(1)X charges of the SM fermions and
Higgs. The right-handed group U(1)R corresponds to U(1)d→xu, where the left-handed quarks are
uncharged, with x = 1.

Lagrangian, eq. (2.3). After electroweak symmetry breaking and mass diagonalisation, V0

becomes V 0. In this context V 0 is often referred to as Z ↑.

While a wide range of possible extensions are considered in the literature [117], we

here focus on a set of generation-independent extensions which require only the usual SM

Higgs boson (some extensions require further scalars to generate the SM fermion masses).

The U(1)X models we consider and the SM gauge charges are shown in table 4.1, where

x can be any rational number. When the U(1)X charges are fixed, the model then has

two free parameters: the gauge coupling gX and the V 0 mass mV 0 . While in most cases

anomaly cancellation requires additional fermions, we assume that these are heavy enough

to not impact the HVS collider phenomenology.

We can now match these models onto eq. (2.3). For a field of U(1)X charge X, the

covariant derivative is

DG

µ = DSM
µ → i

gX
1 + x

XV 0
µ . (4.1)

Identifying gV = gX , the matching conditions for fermions and scalars are given by c0! =

2X!/(1+x), c0
H

= 2XH/(1+x) and c0
V V HH

= X2
H
/(1+x)2 where Xi are the gauge charges

taken from [107]. Since these models do not contain a V +, this must be decoupled in the

simplified Lagrangian eq. (2.1) by taking mV + ↑ ↓. The matching relations are shown in

table 4.2, along with those for Models D and E which we discuss in sections 4.2 and 4.3.

We can now use the results from section 3 to easily find the current LHC limits on these

models. Figure 3.4 shows the current limits on V 0 at mV 0 = 5TeV with lines for various

explicit models determined by the matching relations (note that we chose values of εe and

εn which match many of the explicit models we consider). Since we have fixed the mass,

the models have one free parameter, gV . We can see from fig. 3.4 that for all the U(1)X
models we show, the main constraint at mV 0 = 5TeV comes from di-lepton searches. The

limits for the U(1)B→L model are gV ce”u =
↔
2/3gV < 0.28, so gV < 0.59; gV < 0.73 for the

U(1)
B→ 1

3L
model; gV < 0.77 for the U(1)R model; gV < 0.59 for the U(1)q+u model; and

gV < 0.77 for the U(1)u model. We see that constraints on the simplified model can simply

provide exclusion contours for a wide variety of explicit models. If, e.g., a future di-lepton

– 30 –
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FIG. 15. The 95% CL sensitivity for the U(1)L ! ! L " models at
!

s = 3 TeV electron and muon colliders.
The grey-shaded regions show the current exclusion limits [cf. Fig.2]. We have also shown the projected
sensitivity from pp " 3! / 4! at HL-LHC [ 158] by the black/green dot-dashed curves.

the systematic uncertainty is assumed to be ! = 0.1% [154]. The S and B correspond to the signal
and background events, respectively:

S = N SM+ Z !
# N SM = "L (#SM+ Z !

# #SM) ,

B = N SM = "L#SM ,
(30)

with " as the reconstruction e! ciency. For illustration, we take a
!

s = 3 TeV electron/muon collider
with an integrated luminosity of L = 1 ab! 1. For electron and muon final states, the reconstruction
e! ciency can reach above 95% at lepton colliders [155], and even close to 100% [7]. In comparison,
the tau identification e! ciency can reach above 70% [156] (and potentially 80% [157]) at lepton
colliders. In this work, we follow the treatment in Ref. [63] to apply "e,µ = 100% detection e! ciency
for electron and muon final-state events, while " ! = 70% for the final-state tau events, in addition to
the larger invariant mass window cut as in Eq. (17).

For the indirect o" -shell Z production with MZ ! >
!

s, we take the cosine angle distribution with
20 even bins, as shown in Fig. 7. We perform a bin-by-bin analysis with the $2-sensitivity defined as

$2 =
!

i

S2
i

Si + Bi + ! 2(Si + Bi )2
, (31)

where Si and Bi respectively indicate the corresponding signal and background events in the i th bin.
We then use $2 = 4 to obtain the 95% CL sensitivity limit.

The electron and muon collider sensitivities to the leptophilic Z " models are summarized in Fig. 15
for

!
s = 3 TeV with the optimal cuts discussed above. The general features for the on-shell and
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s = 3 TeV electron and muon colliders.
The grey-shaded regions show the current exclusion limits [cf. Fig.2]. We have also shown the projected
sensitivity from pp " 3! / 4! at HL-LHC [ 158] by the black/green dot-dashed curves.
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s = 3 TeV electron/muon collider
with an integrated luminosity of L = 1 ab! 1. For electron and muon Þnal states, the reconstruction
e! ciency can reach above 95% at lepton colliders [155], and even close to 100% [7]. In comparison,
the tau identiÞcation e! ciency can reach above 70% [156] (and potentially 80% [157]) at lepton
colliders. In this work, we follow the treatment in Ref. [63] to apply "e,µ = 100% detection e! ciency
for electron and muon Þnal-state events, while" ! = 70% for the Þnal-state tau events, in addition to
the larger invariant mass window cut as in Eq. (17).

For the indirect o" -shell Z production with MZ ! >
!

s, we take the cosine angle distribution with
20 even bins, as shown in Fig.7. We perform a bin-by-bin analysis with the$2-sensitivity deÞned as

$2 =
!

i

S2
i

Si + Bi + ! 2(Si + Bi )2
, (31)

whereSi and Bi respectively indicate the corresponding signal and background events in thei th bin.
We then use$2 = 4 to obtain the 95% CL sensitivity limit.

The electron and muon collider sensitivities to the leptophilicZ " models are summarized in Fig.15
for

!
s = 3 TeV with the optimal cuts discussed above. The general features for the on-shell and
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Y’ 84 TeV from 100 TeV limits

2019 EW fit  FCC combined dominated by 100 TeV 
hadron machine M/g ~ 95 TeV 

COLLIDERREACH line is very close to the (100/84)2 
rescaling in the direct search segment, so we can 
rescale by g~(100/84)2 in the direct reach and 
g~(100/84) in the EFT range and call it the 84 TeV 
bound.
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Fig. 8.3: Exclusion reach of different colliders on theY-UniversalZ" model parameters.

Figure8.3 displays the 95% CL exclusion reach ongZ" andM, at various colliders. For
hadron machines, the reach of direct searches (round curves at smallgZ") is obtained from
recasting the results in Refs. [443,444], overlaid with the indirect sensitivity (diagonal straight
lines at largegZ") discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for highgZ", in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach beneÞts greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.
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Fig. 8.1: Exclusion reach of different colliders on four-fermion contact interactions from the
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c2W) and
the orange bars on! / (g2

1
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c2B), wherec2W,2B are the Wilson coefÞcients of the corresponding
operators and the gauge couplings come from the use of the equations of motion.

effective scales of the operatorsOW andOB is shown in Fig.8.2. The projected limits come from
new-physics contributions that can interfere with SM di-boson production processes. For CLIC,
the leading sensitivity onOW comes from a detailed differential analysis ofe+ e" # ZH [440],
whereas the power of FCC-hh comes through an analysis of thepT distribution of theZ in
pp # WZ [441]. The largest sensitivity of lepton colliders at lower

!
s and even on theOB

operator alone at large
!

scomes from EW precision measurements of the oblique parameterS,
which constrains directly the combinationOW + OB [439].

8.2.2 New vector bosons: theY-Universal Z$

New vector bosons are common in many BSM theories, ranging from new models of EWSB
to extensions of the SM gauge group. As a representative example of these classes of theories,
the ÒY-UniversalZ$Ó (see e.g. [442]) is considered. The model consists of a new neutral gauge
bosonZ$with massM and charges to SM particles equal to hypercharge, although the coupling
constantgZ$ is taken to be a free parameter, in general different from the one of the SM U(1)Y.
The perturbative limit is taken to correspond togZ$ < 1.5 since for larger values the width of the
Z$exceeds 0.3M.

TheY-UniversalZ$ is selected instead of one of the standard benchmarks (such as the
Sequential orB" L models) for several reasons. It has comparable couplings to quarks and
leptons, allowing for a fair comparison between hadron and lepton colliders. Its couplings are
ßavour-diagonal, making the model safely compatible with ßavour constraints. When integrated
out at tree-level, it generates only the universal operatorO2B in the SM EFT, with coefÞcient
c2B/ ! 2 = g2

Z$/ (g4
1M2). Since the sensitivity toO2B is available for all colliders [39], a straight-

forward and rigorous assessment of the indirect reach is possible for theY-UniversalZ$model,
while additional input would be needed for the standard benchmarks.
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Rescaling of 100 TeV 30/ab to 84 TeV 30/ab
84 TeV @ 30/ab 4
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FIG. 3. Projected bounds as a function of a cuto! on the mass variable. The gray region corresponds to! cut > ! max from
Eq. 2. Left: Bounds on W (with Y = 0 ) or Y (with W = 0 ) from neutral DY including only events with the dilepton invariant
mass smaller than ! cut . Right: Bounds on W from charged DY including only events with the lepton transverse mass smaller
than ! cut .

dramatic improvement of reach with
!

s is a direct conse-
quence of how the relevant bins scale with

!
s, as visible

in Fig. 3, leading to an improvement of sensitivity to W or
Y that scales asq2/m 2

W " s. By highlighting the relevant
bins, Fig. 3 illustrates the ranges of invariant/transverse
mass where percent-level experimental systematics will
be important. The e! ect of varying the systematic un-
certainties down (2%) or up (10%) with respect to our
estimate (i.e., 5% for charged DY) is shown on the right
panel of Fig. 3.

The shape of the limit/reach contours in the W-Y
plane can be understood as follows. The interference
term in the partonic neutral DY cross section depends on
a q2-independent linear combination of W and Y, when
integrated over angles. The orthogonal combination is
only constrained when W and Y are large enough for
quadratic terms to be relevant. In view of the strong con-
straint expected on W from charged DY, this ßat direc-
tion is irrelevant in practice. However, we note that the
ßat direction can in principle be constrained with neutral
DY only, using angular information such as the energy
dependence of forward-backward asymmetries [35]. In
practice, this does not improve the 8 TeV limits (due to
the dominance of theqL qR # l !

L l+
R amplitude), but may

be signiÞcant at higher energies/luminosities. We leave a
full study of the power of angular distributions to future
work.

Beyond EFTÕs.Ñ When using EFTs to describe high
energy processes, one has to keep in mind that an EFT
provides an accurate description of the underlying new
physics only at energies below the new physics scale. The
latter scale is the EFT cuto! and it should be regarded
as a free parameter of the EFT [55]. A related concept
is that of Òmaximal cuto! Ó, which is the maximal new
physics scale that can produce an EFT operator of a
given magnitude (e.g., a given value of W or Y). The
EFT limits become inconsistent if they come from ener-
gies above the cuto! . This concept has been addressed

in DM EFT searches [55, 56] and electroweak EFT stud-
ies [57]. Depending on whether we consider new physics
that directly generates contact interactions (L "), or mod-
iÞes the vacuum polarizations (L ), the maximal cuto!
estimate is,

" " $
4! mW /g 2

max(
!

W, t
!

Y)
, " $

mW

max(
!

W,
!

Y)
< " " . (2)

The Þrst estimate comes from demanding 2# 2 ampli-
tudes induced byL " not to exceed the 16! 2 perturbativity
bound, the second one from the validity of the deriva-
tive expansion, taking into account that L is a higher-
derivative correction to the (canonically normalized) vec-
tor boson kinetic terms. There is no contradiction in the
fact that the two pictures have di! erent cuto! s sinceL
and L " are equivalent only if the d > 6 operators induced
by the Þeld redeÞnition are negligible (as is the case when
q < " ).

In order to quantify the impact of the limited EFT
validity, Fig. 3 shows how the reach deteriorates when
only data below the cuto! are employed.2 If the resulting
curve stays below the maximal cuto! lines corresponding
to Eq. (2), as in our case, the EFT limit is self-consistent.
The right panel of Fig. 3 also shows how lowering the
systematic uncertainties moves the limit curve far from
the maximal cuto! line. This allows to test EFTs with
below maximal cuto! s.

Our results can be applied to various new physics sce-
narios. Higher derivative corrections to the SM gauge bo-
son kinetic terms directly test their compositeness above
a scale" 2 % mW /

!
W for the SU(2) gauge Þelds and

2 This is not completely correct in the charged DY case because low
transverse mass bins might in principle still receive contributions
from reactions that occur at very high center of mass energies,
well above the cuto ! . A careful assessment of this point goes
beyond the purpose of the present article.
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LEP ATLAS 8 CMS 8 LHC 13 100 TeV ILC TLEP ILC 500 GeV

luminosity 2 ! 107 Z 19.7 fb! 1 20.3 fb! 1 0.3 ab! 1 3 ab! 1 10 ab! 1 109 Z 1012 Z 3 ab! 1

NC W ! 104 [" 19, 3] [" 3, 15] [" 5, 22] ± 1.5 ± 0.8 ± 0.04 ± 3 ± 0.7 ± 0.3
Y ! 104 [" 17, 4] [" 4, 24] [" 7, 41] ± 2.3 ± 1.2 ± 0.06 ± 4 ± 1 ± 0.2

CC W ! 104 Ñ ± 3.9 ± 0.7 ± 0.45 ± 0.02 Ñ Ñ Ñ

TABLE II. Reach on W and Y from di ! erent machines with various energies and luminosities. The bounds from neutral DY
are obtained setting the unconstrained parameter to zero. Bounds from LEP are extracted from [42], marginalizing over öS and
öT . Bounds from Z -peak ILC [52] and TLEP [ 53] are from Ref. [ 39]. Bounds from o! -peak measurements ofe+ e! # e+ e! at
lepton colliders are extracted from [54].

! 1 ! mW /
"

Y for the hypercharge. Our results imply
! 2 ! 4 TeV from charged DY at 8 TeV and (! 2, ! 1) !
(6.5, 5) TeV from neutral DY with an LHC luminosity of
300 fb! 1. Our bounds are also applicable to composite
Higgs with partial compositeness, in which elementary
W and B bosons mix with composite vector resonances.
Following the notation of Ref. [15], and using the results
of Ref. [58], we Þnd that charged DY measurements pre-
sented in this paper can surpass direct searches of heavy
vector triplets W "/Z " for 3.5 TeV < m W ! < 4 TeV and
gV # g2 at 8 TeV and for 6.5 TeV < m W ! < 10 TeV and
gV " 2g2 with a luminosity of 300 fb! 1 at the LHC.

Outlook.Ñ In this letter, we have demonstrated that
hadron colliders can be used to perform electroweak pre-
cision tests, and in particular that the LHC is now sur-
passing LEP in sensitivity to the universal parameters W
and Y. Our results are summarized in TableII , where
we also compare to future lepton colliders.

We conclude by noting that the universal parameters
W and Y are just two examples from the class of opera-
tors of the SM EFT whose e" ects grow with energy. The
LHC, and future hadron colliders, therefore have great
potential to perform precision tests, because high center
of mass energy compensates limited accuracy. We advo-
cate exploration of a broad program of precision tests at
hadron colliders, where SM measurements can be lever-
aged as indirect probes of new physics that is too heavy
to produce directly.
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LHC13 : 10 × ℒ → 1/2Y

100 TeV 13 TeV Mismatch
Y*10^4 0.040 2.37 58%

Y*10^4 0.025 1.50 -37%

Y*10^4 0.034 1.99 -16%

Y95% ∼
g2

m2
∼

E2
0 /E2

ℒ

Mapping Luminosities
100 TeV 13 TeV

ab^-1 
^-1 

10.0 0.17
ab^-1 

^-1 
30.0 0.51

ab^-1 
^-1 

20.0 0.34
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