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Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 42], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

summarized in Table. 3.2 The W mass precision is based on the direct measurement in
p
s = 240

GeV running with 100 fb�1 integrated luminosity. The precisions of Z mass and weak mixing angle
are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

We also performed a profile likelihood fit and present the allowed (S, T ) region for CEPC at 68%
C.L. in Fig. 2. For comparison, we put the ILC result in the same plot. For the more optimistic
evaluation in which all precisions take the lower end values of the estimated ranges in Table 3, the
ILC and CEPC have similar sensitivities to new physics. For the more pessimistic evaluation based
on precisions at the higher ends of the estimated ranges, the CEPC allows larger S mostly because of
the worse precision of sin2 ✓`

e↵

compared to ILC.

3.1 Hypothetical Improvements of CEPC EWPT

In this section, we will consider possible improvements of electroweak observable precisions at CEPC
and study how they a↵ect the CEPC’s sensitivity to new physics. There are four potential improve-
ments of electroweak observables: mt, mW , sin2 ✓`

e↵

and �Z (together with mZ), which are listed in
Table 4.

The top quark mass gives the largest parametric uncertainties on the derived SM observables in
the global fit (more details could be found in Sec. 4.2.2) and thus improving its precision might improve
the fit. In the fit for CEPC above, we assumed the precision of the top mass after the HL-LHC running.

2The summary table in the talk [43] quotes an achievable precision for sin2 ✓`
e↵

of 0.01%, but based on the earlier

slides and personal communication with Zhijun Liang we expect that 0.02% is a reasonably optimistic choice.
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5.2. New Gauge Bosons and Vector Resonances
One of the most striking signals would be the new electroweak gauge

boson resonant production with the subsequent decay to leptonic final states
— the typical Drell-Yan mechanism. New charged W 0 and neutral Z 0 gauge
bosons exist in many theories with gauge extensions beyond the SM. We
illustrate the typical cross sections for W 0 and Z 0 production for various well-
motivated models [79, 80] in Fig. 28 at both 14 and 100 TeV. As expected,
the LHC may be able to uncover a W 0, Z 0 signal up to a mass of about 5
TeV with a cross section of the order 0.1 fb. At 100 TeV, one will extend
the mass reach to about 25 TeV for a (B � L) Z 0 (the smallest in rate), and
to about 35 TeV for a left-right symmetric model W 0 (the largest in rate).
Somewhere in between, a sequential SM Z 0 may be observable to about 30
TeV. Similarly, the production rate of a color-singlet ⇢-like vector state in
the minimal version of composite Higgs models is shown in Fig. 29. The
production rate is roughly comparable to that of the (B � L) Z 0.

Figure 28: Production cross section of new heavy electroweak gauge bosons W 0 and Z 0 in
various models [79, 80] at 14 and 100 TeV.

5.3. Heavy Higgs Bosons in Doublet and Triplet Models
Many theories beyond the SM need the extension of the Higgs sector,

resulting in the prediction of new Higgs bosons, some of the commonly con-
sidered examples are denoted as H0, A0, H±, and H±±. Searching for the

57
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GeV running with 100 fb�1 integrated luminosity. The precisions of Z mass and weak mixing angle
are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

We also performed a profile likelihood fit and present the allowed (S, T ) region for CEPC at 68%
C.L. in Fig. 2. For comparison, we put the ILC result in the same plot. For the more optimistic
evaluation in which all precisions take the lower end values of the estimated ranges in Table 3, the
ILC and CEPC have similar sensitivities to new physics. For the more pessimistic evaluation based
on precisions at the higher ends of the estimated ranges, the CEPC allows larger S mostly because of
the worse precision of sin2 ✓`
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compared to ILC.

3.1 Hypothetical Improvements of CEPC EWPT

In this section, we will consider possible improvements of electroweak observable precisions at CEPC
and study how they a↵ect the CEPC’s sensitivity to new physics. There are four potential improve-
ments of electroweak observables: mt, mW , sin2 ✓`

e↵

and �Z (together with mZ), which are listed in
Table 4.

The top quark mass gives the largest parametric uncertainties on the derived SM observables in
the global fit (more details could be found in Sec. 4.2.2) and thus improving its precision might improve
the fit. In the fit for CEPC above, we assumed the precision of the top mass after the HL-LHC running.

2The summary table in the talk [43] quotes an achievable precision for sin2 ✓`
e↵

of 0.01%, but based on the earlier

slides and personal communication with Zhijun Liang we expect that 0.02% is a reasonably optimistic choice.
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1.  Electroweak Precision from Drell-Yan 
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12 10 Results and discussion
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Figure 3: The DY differential cross section as measured in the combined dilepton channel and
as predicted by NNLO FEWZ 3.1 with CT10 PDF calculations, for the full phase space. The data
point abscissas are computed according to Eq. (6) in [60]. The c2 probability characterizing the
consistency of the predicted and measured cross sections is 91% with 41 degrees of freedom,
calculated with total uncertainties while taking into account the correlated errors in the two
channels.
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FIG. 1. Fit to CMS [23] and ATLAS [25] dilepton invariant mass distributions measured at 8TeV. Left: comparison
of data and SM prediction. The error bars include the fractional experimental uncertainties, while the thickness of the SM
predictions include uncertainties from PDF and scale variation. The smaller error bars in the ATLAS plot show the systematic
uncertainties. We also show how the central value of the theoretical prediction changes when W varies within its 95% CL range.
Right: 95%CL constraints in the W-Y plane.
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(q2�m2
W )

� W
m2

W
, (1)

where q is the four-momentum and s, c, and t are the sine,
cosine, and tangent of the Weinberg angle. All 4 parame-
ters are constrained at the few per-mill level, mainly from
precision data collected at LEP [42].

In view of these strong constraints, one might expect
that no progress is possible at the LHC since DY cross
sections, which are the best probes of Eq. (1), are mea-
sured with at best a few percent accuracy [22–25]. This
expectation is correct for Ŝ and T̂, which only appear on
the pole of the propagator, which is better constrained
at LEP. However, W and Y introduce constant terms in
the propagator, modifying the cross sections by a factor
that grows with energy as q2/m2

W . Neutral DY measure-
ments from the 8 TeV LHC [23, 25] have already achieved
10% accuracy at a center of mass energy q ⇠ 1 TeV,

1

These modified propagators encapsulate all new physics e↵ects

because they are written in the field basis where the vector boson

interactions with fermions are identical to those of the SM, once

expressed in terms of the input parameters ↵
em

, GF , and mZ .

This explains the mismatch with Ref. [8], where a di↵erent basis

is used.

where this enhancement factor is above 100. They could
thus be already sensitive to values of W and Y as small
as 10�3, outside the reach of LEP. Moreover, current
high-energy measurements are statistics-dominated, the
systematic component of the error being as small as 2%.
Big improvements are thus possible at 13 TeV thanks to
higher energy and luminosity.

The electroweak gauge boson propagators are modi-
fied by an e↵ective Lagrangian, L, containing the two
dimension-6 operators from the middle column of Ta-
ble I. These operators generate the W and Y parameters
of Eq. (1). The e↵ects of W and Y on DY are also cap-
tured by L0, which consists of the operators from the right
column of Table I. Here, JL and JY are the SU(2)L and
U(1)Y currents, and g1,2 are the corresponding couplings.
The current bilinears contain quark-lepton contact oper-
ators (a subset of those considered in Ref. [35]) which di-
rectly contribute to the DY amplitude with a term that
grows with the energy, mimicking the e↵ect of the mod-
ified propagators in Eq. (1). The e↵ective Lagrangian
L0 is obtained from L by field redefinitions, after trun-
cating operators that are higher order in W and Y and
with more derivatives. L and L0 are physically inequiv-
alent because of this truncation, however they agree in
the limits of small W and Y and/or low energy.

Current Limits and Future Prospects.— We com-
pute the tree-level neutral (pp ! l+l�) and charged
(pp ! l⌫) DY di↵erential cross sections with the modi-
fied propagators of Eq. (1). The di↵erential distribution
is integrated in dilepton invariant mass (for neutral DY)

Theory vs. Drell-Yan Data

we include:
•experimental uncertainties     

(with correlations) 

•NNLO scale uncertainty         
(from FEWZ) 

•PDF uncertainty                
(NNPDF, with correlations)

1606.01736 

1412.1115 
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2.  Drell-Yan at 100 TeV 
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FIG. 9: Uncertainties in the dilepton invariant mass spectrum of neutral current DY at 14 TeV (left)
and 100 TeV (right). The statistical (red) and theoretical uncertainties - PDF (orange) and scale
(yellow) - are obtained at fixed order NNLO with NNPDF2.3. Uncertainties from tt̄ (dark blue)
and WW (light blue) backgrounds are assumed to be dominated by statistics in the e±µ⌥ control
region. At 14 TeV, background uncertainties are shown for 300 fb�1, while statistical uncertainties
are shown for 300 fb�1(solid red) and 3000 fb�1(dotted red).

fully uncorrelated with other bins or fully correlated across all bins [90]. Fig. 8 displays the

ATLAS 7 TeV breakdown of uncertainties for each invariant mass bin.

In conjunction with theoretical uncertainties previously discussed, having background and

experimental systematics under control is essential in obtaining sensitivity to the running

of the electroweak couplings in Drell-Yan measurements. Is it beyond the scope of this

work to attempt to model all sources of experimental uncertainties, some of which depend

on undetermined collider specifications and technology. In our sensitivity projections for

8, 14 and 100 TeV, we take the Drell-Yan systematic uncertainties at 7 TeV as a proxy for

the order of magnitude of experimental systematics that we expect to be present in future

measurements. In particular, we include a flat, 1% uncorrelated systematic uncertainty

in all bins when deriving expected limits and projections (unless otherwise specified). We

also adopt a conservative statistical procedure by floating the normalization of the Drell-

Yan distribution and fitting only to its shape, e↵ectively dropping the impact of correlated

systematics in our expected reach estimates. Moreover, we derive our limits using Drell-Yan

distributions over logarithmically spaced mass bins, which should make our conclusions less

dependent on resolution degradation at very high transverse momentum.

In addition to our assumption of systematic uncertanties being under control, we need

to check that the dominant irreducible backgrounds at 14 and 100 TeV can be subtracted

without introducing larger than percent-level uncertainties. We have done this with MC sim-

20

Drell-Yan Uncertainties @100TeV

• Alves, Galloway, JTR, Walsh 1410.6810
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FIG. 20: The PDF correlations between bins of M`` for pp ! Z⇤/�⇤ ! `+`� production, plotted
for di↵erent center of mass energies.

random sample of phase space points still generates statistical fluctuations, but correlating

these points between variations removes the statistical fluctuations between di↵erent runs of

the program evaluating the cross section for di↵erent variations. This largely decouples the

statistical uncertainty from the scale and PDF uncertainties, and so we can reliably extract

these uncertainties with much less runtime.

A notable feature in the PDF uncertainties is the dependence on the matrix elements.

We find that using the NNLO PDF with either the NNLO matrix elements or the LO matrix

38
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5

LEP ATLAS8 CMS8 LHC13 100TeV ILC TLEP ILC 500GeV

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 — ±3.9 ±0.7 ±0.45 ±0.02 — — —

TABLE II. Reach on Wand 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 Ŝ and

T̂. Bounds from Z-peak ILC [52] and TLEP [53] are from Ref. [39]. Bounds from o↵-peak measurements of e+e� ! e+e� at
lepton colliders are extracted from [54].

⇤1 ⇡ mW /
p
Y for the hypercharge. Our results imply

⇤2 & 4TeV from charged DY at 8TeV 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 find that charged DY measurements pre-
sented in this paper can surpass direct searches of heavy
vector triplets W 0/Z 0 for 3.5TeV < mW 0 < 4TeV and
gV ⇠ g2 at 8TeV and for 6.5TeV<mW 0 < 10TeV and
gV . 2g2 with a luminosity of 300 fb�1 at the LHC.

Outlook.— 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 Table II, 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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3.  SM EFT from jets at 100 TeV 
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• Cho, Simmons hep-ph/9307345 
• Domenech, Pomarol, Serra 1201.6510
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Z from Dijets

 LHC (7 TeV)  FCC (100 TeV)

• CMS 1212.6660 

• ATLAS 1312.3524 
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• FCC-pp reach:
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• wishlist:

- more operators with energy growth 
- more processes 
- SMEFT at FCC-ep 
- interplay of SMEFT and PDF extraction
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