
Andrea Wulzer

Low- vs High-Energy 
Precision



High Energy Probes

Δσ
σSM

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10.10.01
10−6

0.001����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�



High Energy Probes

Δσ
σSM

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10−6
����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�

Δσ

σSM

∝ (
E

M)
2

EFT 
Regime

10.10.010.001



High Energy Probes

Δσ
σSM

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10−6
����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�

Lower M
ass

Higher M
ass

10.10.010.001



High Energy Probes

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10−6
����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�

10.10.010.001

Precise 
Precision



High Energy Probes

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10−6
����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�

10.10.010.001

Precise 
Precision

FCC-ee ??



High Energy Probes

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10−6
����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�

10.10.010.001

Precise 
Precision

FCC-ee ??



High Energy Probes

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10−6
����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�

10.10.010.001

Precise 
Precision

FCC-ee ??

Low-Energy Probes



High Energy Probes

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10−6
����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�

10.10.010.001

Precise 
Precision

FCC-ee ??

??FCC-hh

Low-Energy Probes Direct Searches



High Energy Probes

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10−6
����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�

10.10.010.001

Precise 
Precision

FCC-ee ??

??FCC-hh

Some 
Precision

10
1
10 %
1 %

10−3

10−4

10−5

10−6

Low-Energy Probes Direct Searches



High Energy Probes

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10−6
����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�

10.10.010.001

Precise 
Precision

FCC-ee ??

??FCC-hh

Some 
Precision

10
1
10 %
1 %

10−3

10−4

10−5

10−6

Low-Energy Probes Direct Searches



High Energy Probes

E/M

10
1

10 %
1 %

10−3

10−4

10−5

10−6
����� ����� ����� ���-�

��-�

����

�

�/�

��
���

��� �� ���� � �	
 ��-��
� ������	�

10.10.010.001

Precise 
Precision

FCC-ee ??

??FCC-hh

Some 
Precision

10
1
10 %
1 %

10−3

10−4

10−5

10−6

Low-Energy Probes Direct Searches

High-Energy Probes



High Energy Drell—Yan

The simplest pp measurement: mll or mT,l distribution 

[Farina, Panico, Pappadopulo, Ruderman, Torre, AW, 2016]
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Figure 1: E↵ective Feynman vertex for neutral DY, including SM EW and the new contact interactions.

2 Reweighting strategy

We start, in section 2.1, by discussing how fixed-order QCD NLO predictions, in the presence of
quark-lepton current-current new physics interactions, can be obtained by analytic reweighting.
Next, in section 2.2, we illustrate our POWHEG implementation and we show that reweighting is
fully compatible with the POWHEG master formula, ensuring that showering e↵ects are consistently
included in our reweighted Monte Carlo events. We address in section 2.3 the slightly more
technical problem of including EW logarithms of IR and UV (RG-running) nature.

2.1 Fixed-order QCD corrections

We first consider neutral DY, i.e. the process

p p ! l
+
l
� + X , (1)

with l = e, µ or (possibly) a ⌧ . We are interested in the high energy regime of the process,
with a lower threshold on the dilepton center-of-mass energy that we set for definiteness at
p

s > 300 GeV. In all the amplitudes that contribute to dilepton production, at the leading
order in the EW and in the new physics couplings but at all orders in QCD, it is possible to
isolate a common subdiagram, displayed in figure 1 with its corresponding Feynman rule. In
the figure, �q = L, R and �l = L, R denote the chirality of the quark and of the lepton legs,
and P�q,l the corresponding chirality projectors acting on the quarks and leptons spinor indices,
respectively. Notice that only same-chirality q/q and l

+/l
� pairs can interact in the SM (Higgs

interactions are of course totally negligible), and the same is true for the current-current e↵ective
vertices. Also the flavor (q = u, d, s, c, b) of the quark must be the same of the anti-quark since
we are excluding FCNC new physics interactions as explained in footnote 2.

The e↵ective coupling C0 depends on the quarks and leptons chirality and flavor, and it reads

C0(q�q , l�l) = C
0
SM(s; q�q , l�l) + K

0
q�q , l�l

, (2)

where K
0 are constants that denote the coe�cients of the e↵ective neutral current interactions

K
0
q�q , l�l

(q�q
�
µ
q�q)(l�l�µl�l) . (3)

The SM contribution depends on the dilepton invariant mass and it can be concisely written as

C
0
SM(s; q�q , l�l) =

g
2
T
3(q�q)T

3(l�l) + g
0 2

Y (q�q)Y (l�l)

s � m2
Z

+
e
2
Q(q)Q(l)m2

Z

s(m2
Z � s)

, (4)

where g and g
0 denote the SU(2)L and U(1)Y couplings, e is the electric charge, T

3 is the third
SU(2)L generator, Y and Q are the hypercharge and the fractional charge.4

4We follow the exact same conventions as in ref. [21], apart from the sign (irrelevant in the above equation) of
the coupling in the covariant derivatives and in the field-strengths definition.
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Figure 1: E↵ective Feynman vertex for neutral DY, including SM EW and the new contact interactions.

2 Reweighting strategy

We start, in section 2.1, by discussing how fixed-order QCD NLO predictions, in the presence of
quark-lepton current-current new physics interactions, can be obtained by analytic reweighting.
Next, in section 2.2, we illustrate our POWHEG implementation and we show that reweighting is
fully compatible with the POWHEG master formula, ensuring that showering e↵ects are consistently
included in our reweighted Monte Carlo events. We address in section 2.3 the slightly more
technical problem of including EW logarithms of IR and UV (RG-running) nature.
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� + X , (1)

with l = e, µ or (possibly) a ⌧ . We are interested in the high energy regime of the process,
with a lower threshold on the dilepton center-of-mass energy that we set for definiteness at
p

s > 300 GeV. In all the amplitudes that contribute to dilepton production, at the leading
order in the EW and in the new physics couplings but at all orders in QCD, it is possible to
isolate a common subdiagram, displayed in figure 1 with its corresponding Feynman rule. In
the figure, �q = L, R and �l = L, R denote the chirality of the quark and of the lepton legs,
and P�q,l the corresponding chirality projectors acting on the quarks and leptons spinor indices,
respectively. Notice that only same-chirality q/q and l

+/l
� pairs can interact in the SM (Higgs

interactions are of course totally negligible), and the same is true for the current-current e↵ective
vertices. Also the flavor (q = u, d, s, c, b) of the quark must be the same of the anti-quark since
we are excluding FCNC new physics interactions as explained in footnote 2.

The e↵ective coupling C0 depends on the quarks and leptons chirality and flavor, and it reads

C0(q�q , l�l) = C
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where g and g
0 denote the SU(2)L and U(1)Y couplings, e is the electric charge, T

3 is the third
SU(2)L generator, Y and Q are the hypercharge and the fractional charge.4

4We follow the exact same conventions as in ref. [21], apart from the sign (irrelevant in the above equation) of
the coupling in the covariant derivatives and in the field-strengths definition.

5

SM 4-Fermi 
cont. int.

3

-15 -10 -5 0 5 10 15
-15

-10

-5

0

5

10

15

W�104

Y
�1
04

LEP I-II
pp��+�-
pp���

dotted: 8TeV, 20fb-1

13TeV, 0.1ab-1

solid: 13TeV, 0.3ab-1

dashed: 13TeV, 3ab-1

-4 -2 0 2 4
-4

-2

0

2

4

W�105

Y
�1
05

pp��+�-
pp���

solid: 100TeV, 3ab-1

dashed: 100TeV, 10ab-1

FIG. 2. Projected 95% CL exclusions in the W-Y plane. Left: exclusion from neutral (purple) and charged (green) DY
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a 100TeV collider (notice the change of scale).

and ap, bpq are numbers that vary bin-by-bin. The coef-
ficients ap represent the interference between the SM and
the new physics, which is the leading e↵ect in our case.
The SM cross section, �SM , is computed at NNLO QCD
using FEWZ [33–36, 53, 54]. The NNPDF2.3@NNLO
PDF [55, 56], with ↵s = 0.119, is employed for the cen-
tral value predictions at 8 and 13TeV, and to quantify
PDF uncertainties. We use NNPDF3.0@NNLO [57] for
100TeV projections. The QCD scale and PDF uncertain-
ties are included following Ref. [46]. The photon PDF is
not a significant source of uncertainty, because it was
recently determined with high precision [58].

Run-1 limits on W and Y from neutral DY are ob-
tained using the di↵erential cross section measurements
performed by ATLAS [29] and CMS [27], including the
full correlation matrix of experimental uncertainties. The
left panel of Fig. 1 shows the comparison of the ATLAS
and CMS measurements with our theoretical predictions
for the cross section in each bin in the SM (W = Y = 0)
hypothesis. Theoretical uncertainties from PDF and
scale uncertainty are displayed as a shaded band, while
the black error bars represent experimental uncertain-
ties. Our predictions reproduce observations, under the
SM hypothesis, over the whole invariant mass range. We
also notice that statistical errors are by far dominant at
high mass, the theoretical and systematical uncertain-
ties being one order of magnitude smaller, around 2%.
The right panel of Fig. 1 shows the 95% exclusion con-
tours obtained with ATLAS and CMS data in the W-Y
plane. The constraint from LEP and from other low-
energy measurements [50] is displayed as a grey region
(marginalizing over Ŝ and T̂). Run-1 limits from neutral
DY are already competitive with LEP constraints.

We project neutral/charged DY reach at 13 TeV and
at a future 100 TeV collider. We also project the reach
of 8 TeV for charged DY (di↵erential cross section mea-
surements are presently unavailable at high transverse
mass). In order to estimate experimental uncertainties,
we include fully correlated (�c) and uncorrelated (�uc) un-
certainties. For neutral DY, we use �c = �uc = 2%, com-
mensurate with uncertainties achieved in existing 8 TeV
measurements. For charged DY we use �c = �uc = 5%,
consistent with uncertainty attributed to charged DY
backgrounds to W 0 searches [43, 59, 60]. We apply the
cuts p`T > 25 GeV and |⌘`| < 2.5 on leptons, and as-
sume an identification e�ciency of 65% (80%) for elec-
trons (muons). For neutral (charged) DY we bin invari-
ant (transverse) mass as in Ref. [46].

Our 13 TeV results, overlaid with the LEP limit, are
shown in Fig. 2 left, for luminosities of 100, 300, and
3000 fb�1. The projected LHC limits are radically bet-
ter than present constraints. The expected Run-1 limit
on W from charged DY is shown as a dotted green band.
The reach far surpasses LEP, even with Run-1 data. Pro-
jections for 100TeV are shown to the right of Fig. 2 for
luminosities of 3 and 10 ab�1.

In order to delve deeper into our results, Fig. 3 shows
how the limit on W or Y changes if only invariant
mass (for neutral DY, left panel) or transverse mass (for
charged DY, right panel) bins below a certain threshold
⇤cut are included. We learn that our limits mainly rely on
measurements below 1 (2) TeV for

p
s = 8 (13) TeV. The

dramatic improvement of reach with
p
s is a direct conse-

quence of how the relevant bins scale with
p
s, as visible

in Fig. 3, leading to an improvement of sensitivity to W or
Y that scales as q2/m2

W / s. By highlighting the relevant

[Farina, Panico, Pappadopulo, Ruderman, Torre, AW, 2016]
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Figure 1: E↵ective Feynman vertex for neutral DY, including SM EW and the new contact interactions.

2 Reweighting strategy

We start, in section 2.1, by discussing how fixed-order QCD NLO predictions, in the presence of
quark-lepton current-current new physics interactions, can be obtained by analytic reweighting.
Next, in section 2.2, we illustrate our POWHEG implementation and we show that reweighting is
fully compatible with the POWHEG master formula, ensuring that showering e↵ects are consistently
included in our reweighted Monte Carlo events. We address in section 2.3 the slightly more
technical problem of including EW logarithms of IR and UV (RG-running) nature.

2.1 Fixed-order QCD corrections

We first consider neutral DY, i.e. the process

p p ! l
+
l
� + X , (1)

with l = e, µ or (possibly) a ⌧ . We are interested in the high energy regime of the process,
with a lower threshold on the dilepton center-of-mass energy that we set for definiteness at
p

s > 300 GeV. In all the amplitudes that contribute to dilepton production, at the leading
order in the EW and in the new physics couplings but at all orders in QCD, it is possible to
isolate a common subdiagram, displayed in figure 1 with its corresponding Feynman rule. In
the figure, �q = L, R and �l = L, R denote the chirality of the quark and of the lepton legs,
and P�q,l the corresponding chirality projectors acting on the quarks and leptons spinor indices,
respectively. Notice that only same-chirality q/q and l

+/l
� pairs can interact in the SM (Higgs

interactions are of course totally negligible), and the same is true for the current-current e↵ective
vertices. Also the flavor (q = u, d, s, c, b) of the quark must be the same of the anti-quark since
we are excluding FCNC new physics interactions as explained in footnote 2.

The e↵ective coupling C0 depends on the quarks and leptons chirality and flavor, and it reads

C0(q�q , l�l) = C
0
SM(s; q�q , l�l) + K

0
q�q , l�l

, (2)

where K
0 are constants that denote the coe�cients of the e↵ective neutral current interactions

K
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The SM contribution depends on the dilepton invariant mass and it can be concisely written as

C
0
SM(s; q�q , l�l) =
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, (4)

where g and g
0 denote the SU(2)L and U(1)Y couplings, e is the electric charge, T

3 is the third
SU(2)L generator, Y and Q are the hypercharge and the fractional charge.4

4We follow the exact same conventions as in ref. [21], apart from the sign (irrelevant in the above equation) of
the coupling in the covariant derivatives and in the field-strengths definition.
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and ap, bpq are numbers that vary bin-by-bin. The coef-
ficients ap represent the interference between the SM and
the new physics, which is the leading e↵ect in our case.
The SM cross section, �SM , is computed at NNLO QCD
using FEWZ [33–36, 53, 54]. The NNPDF2.3@NNLO
PDF [55, 56], with ↵s = 0.119, is employed for the cen-
tral value predictions at 8 and 13TeV, and to quantify
PDF uncertainties. We use NNPDF3.0@NNLO [57] for
100TeV projections. The QCD scale and PDF uncertain-
ties are included following Ref. [46]. The photon PDF is
not a significant source of uncertainty, because it was
recently determined with high precision [58].

Run-1 limits on W and Y from neutral DY are ob-
tained using the di↵erential cross section measurements
performed by ATLAS [29] and CMS [27], including the
full correlation matrix of experimental uncertainties. The
left panel of Fig. 1 shows the comparison of the ATLAS
and CMS measurements with our theoretical predictions
for the cross section in each bin in the SM (W = Y = 0)
hypothesis. Theoretical uncertainties from PDF and
scale uncertainty are displayed as a shaded band, while
the black error bars represent experimental uncertain-
ties. Our predictions reproduce observations, under the
SM hypothesis, over the whole invariant mass range. We
also notice that statistical errors are by far dominant at
high mass, the theoretical and systematical uncertain-
ties being one order of magnitude smaller, around 2%.
The right panel of Fig. 1 shows the 95% exclusion con-
tours obtained with ATLAS and CMS data in the W-Y
plane. The constraint from LEP and from other low-
energy measurements [50] is displayed as a grey region
(marginalizing over Ŝ and T̂). Run-1 limits from neutral
DY are already competitive with LEP constraints.

We project neutral/charged DY reach at 13 TeV and
at a future 100 TeV collider. We also project the reach
of 8 TeV for charged DY (di↵erential cross section mea-
surements are presently unavailable at high transverse
mass). In order to estimate experimental uncertainties,
we include fully correlated (�c) and uncorrelated (�uc) un-
certainties. For neutral DY, we use �c = �uc = 2%, com-
mensurate with uncertainties achieved in existing 8 TeV
measurements. For charged DY we use �c = �uc = 5%,
consistent with uncertainty attributed to charged DY
backgrounds to W 0 searches [43, 59, 60]. We apply the
cuts p`T > 25 GeV and |⌘`| < 2.5 on leptons, and as-
sume an identification e�ciency of 65% (80%) for elec-
trons (muons). For neutral (charged) DY we bin invari-
ant (transverse) mass as in Ref. [46].

Our 13 TeV results, overlaid with the LEP limit, are
shown in Fig. 2 left, for luminosities of 100, 300, and
3000 fb�1. The projected LHC limits are radically bet-
ter than present constraints. The expected Run-1 limit
on W from charged DY is shown as a dotted green band.
The reach far surpasses LEP, even with Run-1 data. Pro-
jections for 100TeV are shown to the right of Fig. 2 for
luminosities of 3 and 10 ab�1.

In order to delve deeper into our results, Fig. 3 shows
how the limit on W or Y changes if only invariant
mass (for neutral DY, left panel) or transverse mass (for
charged DY, right panel) bins below a certain threshold
⇤cut are included. We learn that our limits mainly rely on
measurements below 1 (2) TeV for
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Y-Universal Z’ model Reach 

       [from Physics Briefing Book (EU Strategy Update 2020)]


Simply a massive U(1) with charges equal to SM Hypercharge.

Fully equivalent to a heavy Dark Photon:


Coupling (i.e., force strength) is a free parameter
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Indirect Searches:

Integrated out, produces only one, Universal, operator:
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Di-lepton final state dominates the sensitivity
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2
+

M2
Z′ 

2g2
Z′ 

(Z′ μ)
2

Indirect Searches:

Integrated out, produces only one, Universal, operator:


Direct Searches:

Di-lepton final state dominates the sensitivity

c2B

Λ2
=

g2
Z′ 

g′ 
4M2

Z′ 

=
Y

g′ 
2m2

W

[Higgs WG notation]
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HL-LHC +
HL-LHC LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/eh/hh

S2 S02 250 500 1000 380 1500 3000 240 365
cf
L2 [TeV�2] 0.53 0.15 0.43 0.31 0.13 0.057 0.038 0.14 0.049 0.033 0.14 0.15 0.1 0.036

(0.28)† (0.11) (0.21)† (0.16)† (0.061) (0.041) (0.033) (0.076) (0.04) (0.027) (0.038) (0.044) (0.038) (0.029)
cT
L2 [TeV�2] 0.0056 0.0056 0.0056 0.0055 0.0018 0.0016 0.0016 0.0029 0.0025 0.0023 0.00097 0.0007 0.0004 0.0003

(0.002) (0.002) (0.002) (0.002) (0.0013) (0.0011) (0.001) (0.001) (0.001) (0.001) (0.0008) (0.0007) (0.0002) (0.0002)
cW
L2 [TeV�2] 0.33 0.28 0.24 0.19 0.06 0.046 0.037 0.065 0.042 0.035 0.092 0.11 0.072 0.032

(0.022) (0.022) (0.0098) (0.0098) (0.011) (0.0073) (0.004) (0.011) (0.0037) (0.0015) (0.0076) (0.0051) (0.0036) (0.0029)
cB
L2 [TeV�2] 0.32 0.27 0.24 0.19 0.057 0.045 0.037 0.066 0.048 0.041 0.088 0.11 0.069 0.031

(0.028) (0.028) (0.028) (0.028) (0.011) (0.0084) (0.0053) (0.013) (0.0079) (0.0035) (0.0081) (0.005) (0.0035) (0.0035)
cfW
L2 [TeV�2] 0.32 0.27 0.24 0.19 0.07 0.058 0.041 0.078 0.044 0.036 0.086 0.11 0.08 0.032

(0.034) (0.033) (0.01) (0.01) (0.026) (0.012) (0.0047) (0.02) (0.0039) (0.0014) (0.021) (0.021) (0.015) (0.0043)
cfB
L2 [TeV�2] 0.32 0.28 0.24 0.19 0.086 0.054 0.039 0.093 0.05 0.04 0.086 0.11 0.086 0.031

(0.18) (0.18) (0.099) (0.067) (0.048) (0.016) (0.0066) (0.035) (0.0092) (0.0034) (0.062) (0.066) (0.042) (0.011)
cg
L2 [TeV�2] 0.0052 0.0049 0.0042 0.0026 0.0043 0.004 0.0035 0.0048 0.0042 0.0036 0.004 0.0041 0.004 0.0012

(0.004) (0.004) (0.0031) (0.0021) (0.0039) (0.0038) (0.0033) (0.004) (0.0039) (0.0035) (0.0038) (0.0039) (0.0038) (0.0010)
cg
L2 [TeV�2] 0.0012 0.0009 0.001 0.0006 0.0006 0.0005 0.0003 0.001 0.0006 0.0005 0.0006 0.0005 0.0005 0.0003

(0.0005) (0.0005) (0.0004) (0.0003) (0.0004) (0.0003) (0.0002) (0.0004) (0.0003) (0.0002) (0.0002) (0.0003) (0.0003) (0.0001)
cye
L2 [TeV�2] 0.25 0.23 0.18 0.11 0.14 0.097 0.079 0.21 0.15 0.11 0.1 0.11 0.094 0.052

(0.2) (0.18) (0.13) (0.091) (0.096) (0.079) (0.07) (0.17) (0.13) (0.1) (0.072) (0.078) (0.071) (0.044)
cyu
L2 [TeV�2] 0.57 0.42 0.44 0.26 0.26 0.19 0.12 0.42 0.23 0.19 0.25 0.2 0.19 0.11

(0.24) (0.19) (0.19) (0.12) (0.14) (0.099) (0.072) (0.16) (0.11) (0.085) (0.091) (0.11) (0.099) (0.052)
cyd
L2 [TeV�2] 0.46 0.23 0.37 0.26 0.13 0.088 0.071 0.18 0.077 0.059 0.091 0.1 0.092 0.071

(0.25) (0.13) (0.19) (0.14) (0.084) (0.066) (0.059) (0.098) (0.063) (0.055) (0.064) (0.068) (0.064) (0.057)
c2B
L2 [TeV�2] 0.08 0.08 0.028† 0.028† 0.025 0.0083 0.0029 0.031 0.0064 0.0023 0.042 0.042 0.028 0.0034

(0.069) (0.069) (0.013) (0.013) (0.023) (0.0078) (0.0027) (0.028) (0.0059) (0.0021) (0.034) (0.029) (0.021) (0.0034)
c2W
L2 [TeV�2] 0.008 0.008 0.0053† 0.0053† 0.0062 0.0032 0.0012 0.0062 0.0016 0.0006 0.0069 0.0062 0.0056 0.0003

(0.0069) (0.0069) (0.0024)† (0.0024)† (0.0058) (0.003) (0.0011) (0.0058) (0.0014) (0.0005) (0.0062) (0.0057) (0.0049) (0.0003)
c3W
L2 [TeV�2] 1.7 1.6 1.6 1.6 0.023 0.011 0.0076 0.024 0.0031 0.001 0.036 0.034 0.026 0.021

(1.6) (1.6) (1.6) (1.6) (0.022) (0.011) (0.0075) (0.024) (0.0031) (0.001) (0.02) (0.019) (0.015) (0.015)
c6
L2 [TeV�2] 8.4 8.1 2.5 2.4 8.1 3.5 1.5 8.1 4.8 1.8 8. 8. 5.3 0.81

(7.8) (7.7) (2.4) (2.3) (4.7) (3.1) (1.4) (7.7) (4.5) (1.7) (2.8) (3.2) (3.1) (0.79)
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Note: ee does not loose because “not precise enough”:

Δσ/σSM 1σ
∼ few ⋅ Y1σ ∼ few ⋅ 2 10−5

Looses because has not energetic enough



High Energy Dibosons
[Franceschini, Panico, Pomarol, Riva, AW, 2018]

WW, WZ, WH, ZH “QCD” production (not VBS)

Energy growth from quark-Higgs contact operators, e.g.
∼
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Table 3: Dimension-six operators relevant for the high-energy longitudinal diboson production

qq̄ ! WLVL, VLh that interfere with the SM, in the SILH basis [31] (left) and in the Warsaw

basis [38] (right). We will use the Wilson coe�cient normalization L6 =
P
i
ciOi/M2.

The second relation allows to relate the future LHC bounds on the HEP a(3)q with the LEP

bound on the Ŝ-parameter, providing an educated context to compare the impact of these

two di↵erent machines.

There are also ”Weak” theories that do not belong to the ”universal” class, hence they

must be described by a complete set of operators such as the Warsaw basis [38], see table 3.

In this case, the HEP are transparently identified with contact interactions between quarks

and scalars 7

au = 4
cuR
M2

, ad = 4
cdR
M2

, a(1)q = 4
c(1)L

M2
, a(3)q = 4

c(3)L

M2
. (10)

Representatives of such “non-universal” theories are models with a heavy SU(2)L triplet vector

boson W 0a (a = 1, 2, 3), coupled to the left-handed fermions and to the Higgs

Lint =
1

2
W 0a

µ


gf f̄L�

µ�afL + igHH
†�a

$
DµH

�
, (11)

where gf is in general di↵erent for the di↵erent SM fermions. In this type of models, after

integrating out the heavy W 0a at tree level, one obtains

a(3)q = �
gqgH
M2

, a(1)q = au = ad = 0 , (12)

where M is the mass of W 0a and gq denotes the coupling to the light generation quark

doublets. In addition, there are also induced 4-fermion interactions g2f (fL�
µ�afL)2 that are

7These relations, as well as those in eq. (5), are obtained by computing the diboson helicity amplitudes
in the presence of the EFT operators, and matching with the parametrization in eq. (3). The matching
depends on the conventions for the spinor wave functions and the polarization vectors. We fix the ambiguity
by reporting in Appendix A the SM amplitudes computed with the same conventions.
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bound on the Ŝ-parameter, providing an educated context to compare the impact of these

two di↵erent machines.

There are also ”Weak” theories that do not belong to the ”universal” class, hence they

must be described by a complete set of operators such as the Warsaw basis [38], see table 3.

In this case, the HEP are transparently identified with contact interactions between quarks

and scalars 7

au = 4
cuR
M2

, ad = 4
cdR
M2

, a(1)q = 4
c(1)L

M2
, a(3)q = 4

c(3)L

M2
. (10)

Representatives of such “non-universal” theories are models with a heavy SU(2)L triplet vector

boson W 0a (a = 1, 2, 3), coupled to the left-handed fermions and to the Higgs

Lint =
1

2
W 0a

µ


gf f̄L�

µ�afL + igHH
†�a

$
DµH

�
, (11)

where gf is in general di↵erent for the di↵erent SM fermions. In this type of models, after

integrating out the heavy W 0a at tree level, one obtains

a(3)q = �
gqgH
M2

, a(1)q = au = ad = 0 , (12)

where M is the mass of W 0a and gq denotes the coupling to the light generation quark

doublets. In addition, there are also induced 4-fermion interactions g2f (fL�
µ�afL)2 that are

7These relations, as well as those in eq. (5), are obtained by computing the diboson helicity amplitudes
in the presence of the EFT operators, and matching with the parametrization in eq. (3). The matching
depends on the conventions for the spinor wave functions and the polarization vectors. We fix the ambiguity
by reporting in Appendix A the SM amplitudes computed with the same conventions.

12

SILH Basis Warsaw Basis

OW =
ig

2

✓
H†�a

$
DµH

◆
D⌫W a

µ⌫ O
(3)
L = (Q̄L�

a�µQL)(iH
†�a

$
DµH)

OB =
ig0

2

✓
H†

$
DµH

◆
@⌫Bµ⌫ OL = (Q̄L�

µQL)(iH
†
$
DµH)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ O

u
R = (ūR�
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bound on the Ŝ-parameter, providing an educated context to compare the impact of these

two di↵erent machines.

There are also ”Weak” theories that do not belong to the ”universal” class, hence they

must be described by a complete set of operators such as the Warsaw basis [38], see table 3.

In this case, the HEP are transparently identified with contact interactions between quarks

and scalars 7
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Representatives of such “non-universal” theories are models with a heavy SU(2)L triplet vector

boson W 0a (a = 1, 2, 3), coupled to the left-handed fermions and to the Higgs

Lint =
1

2
W 0a

µ


gf f̄L�

µ�afL + igHH
†�a

$
DµH

�
, (11)

where gf is in general di↵erent for the di↵erent SM fermions. In this type of models, after

integrating out the heavy W 0a at tree level, one obtains

a(3)q = �
gqgH
M2

, a(1)q = au = ad = 0 , (12)

where M is the mass of W 0a and gq denotes the coupling to the light generation quark

doublets. In addition, there are also induced 4-fermion interactions g2f (fL�
µ�afL)2 that are

7These relations, as well as those in eq. (5), are obtained by computing the diboson helicity amplitudes
in the presence of the EFT operators, and matching with the parametrization in eq. (3). The matching
depends on the conventions for the spinor wave functions and the polarization vectors. We fix the ambiguity
by reporting in Appendix A the SM amplitudes computed with the same conventions.
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Figure 7: Comparison of the bounds obtained from LEP with those from our analysis based

on the WZ channel at the LHC. Left: universal theories with W,Y ⌧ 1. Right: Theories

characterized by W,Y, ��,�� ⌧ 1. See main text for details.

The gray shaded area in figure 7 shows bounds from LEP2 [15]. These bounds depend

also on the parameter ��, which for simplicity we have taken to zero, a conservative choice

in our comparison. Our analysis is instead insensitive to (small values of) ��, because of

the non-interference rules discussed before. This comparison allows us to conclude that, in

the context of universal theories, LEP2 bounds will be order-of-magnitude improved by the

HL-LHC, at least in the �gZ1 direction.

In section 2.2, we have further discussed explicit realizations of universal theories, which

we can refer to as “general SILH theories” and include e.g. theories with extra gauge bosons

or extra-dimensions, holographic versions of composite Higgs or little Higgs models. In these

theories �� (and ��) arise only at the one-loop level, and are therefore expected to be small.

Similarly, for large g⇤, W and Y are small, see for instance eq. (9). As a result, the only

relevant parameters are Ŝ and �gZ1 , that can be induced at tree-level. These parameters enter

in the HEPs, eq. (7), and provide then a strong motivation for our analysis. The results

are shown in the right panel of figure 7. Present limits on Ŝ come from LEP measurements

on the Z-pole, and we do not expect that the LHC will improve them any further (such an

improvement would require very accurate measurements of the WLWL/ZLh channels).

This result can be better appreciated in the specific context of composite Higgs models with

O(4) symmetry, where the two parameters are related according to eq. (9), �gZ1 ' �Ŝ/2c2✓W
(corresponding to cB = cW ), as shown by a blue solid line in the plot. In this context it

becomes remarkable that the size of the constraint on Ŝ from LEP (which is considered one

of the most precise measurements of the EW sector) is comparable with that on �gZ1 , obtained

26

HL-LHC vs LEP



High Energy Dibosons
[Franceschini, Panico, Pomarol, Riva, AW, 2018]

WW, WZ, WH, ZH “QCD” production (not VBS)

Energy growth from quark-Higgs contact operators, e.g.
∼

SILH Basis Warsaw Basis

OW =
ig

2

✓
H†�a

$
DµH

◆
D⌫W a

µ⌫ O
(3)
L = (Q̄L�

a�µQL)(iH
†�a

$
DµH)

OB =
ig0

2

✓
H†

$
DµH

◆
@⌫Bµ⌫ OL = (Q̄L�

µQL)(iH
†
$
DµH)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ O

u
R = (ūR�

µuR)(iH
†
$
DµH)

OHB = ig0(DµH)†(D⌫H)Bµ⌫ O
d
R = (d̄R�

µdR)(iH
†
$
DµH)

O2W = �
1

2
(DµW a

µ⌫)
2

O2B = �
1

2
(@µBµ⌫)

2

Table 3: Dimension-six operators relevant for the high-energy longitudinal diboson production

qq̄ ! WLVL, VLh that interfere with the SM, in the SILH basis [31] (left) and in the Warsaw

basis [38] (right). We will use the Wilson coe�cient normalization L6 =
P
i
ciOi/M2.

The second relation allows to relate the future LHC bounds on the HEP a(3)q with the LEP

bound on the Ŝ-parameter, providing an educated context to compare the impact of these

two di↵erent machines.

There are also ”Weak” theories that do not belong to the ”universal” class, hence they

must be described by a complete set of operators such as the Warsaw basis [38], see table 3.
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where gf is in general di↵erent for the di↵erent SM fermions. In this type of models, after

integrating out the heavy W 0a at tree level, one obtains
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where M is the mass of W 0a and gq denotes the coupling to the light generation quark

doublets. In addition, there are also induced 4-fermion interactions g2f (fL�
µ�afL)2 that are

7These relations, as well as those in eq. (5), are obtained by computing the diboson helicity amplitudes
in the presence of the EFT operators, and matching with the parametrization in eq. (3). The matching
depends on the conventions for the spinor wave functions and the polarization vectors. We fix the ambiguity
by reporting in Appendix A the SM amplitudes computed with the same conventions.
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The second relation allows to relate the future LHC bounds on the HEP a(3)q with the LEP

bound on the Ŝ-parameter, providing an educated context to compare the impact of these

two di↵erent machines.

There are also ”Weak” theories that do not belong to the ”universal” class, hence they

must be described by a complete set of operators such as the Warsaw basis [38], see table 3.
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where gf is in general di↵erent for the di↵erent SM fermions. In this type of models, after

integrating out the heavy W 0a at tree level, one obtains
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where M is the mass of W 0a and gq denotes the coupling to the light generation quark

doublets. In addition, there are also induced 4-fermion interactions g2f (fL�
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Figure 7: Comparison of the bounds obtained from LEP with those from our analysis based

on the WZ channel at the LHC. Left: universal theories with W,Y ⌧ 1. Right: Theories

characterized by W,Y, ��,�� ⌧ 1. See main text for details.

The gray shaded area in figure 7 shows bounds from LEP2 [15]. These bounds depend

also on the parameter ��, which for simplicity we have taken to zero, a conservative choice

in our comparison. Our analysis is instead insensitive to (small values of) ��, because of

the non-interference rules discussed before. This comparison allows us to conclude that, in

the context of universal theories, LEP2 bounds will be order-of-magnitude improved by the

HL-LHC, at least in the �gZ1 direction.

In section 2.2, we have further discussed explicit realizations of universal theories, which

we can refer to as “general SILH theories” and include e.g. theories with extra gauge bosons

or extra-dimensions, holographic versions of composite Higgs or little Higgs models. In these

theories �� (and ��) arise only at the one-loop level, and are therefore expected to be small.

Similarly, for large g⇤, W and Y are small, see for instance eq. (9). As a result, the only

relevant parameters are Ŝ and �gZ1 , that can be induced at tree-level. These parameters enter

in the HEPs, eq. (7), and provide then a strong motivation for our analysis. The results

are shown in the right panel of figure 7. Present limits on Ŝ come from LEP measurements

on the Z-pole, and we do not expect that the LHC will improve them any further (such an

improvement would require very accurate measurements of the WLWL/ZLh channels).

This result can be better appreciated in the specific context of composite Higgs models with

O(4) symmetry, where the two parameters are related according to eq. (9), �gZ1 ' �Ŝ/2c2✓W
(corresponding to cB = cW ), as shown by a blue solid line in the plot. In this context it

becomes remarkable that the size of the constraint on Ŝ from LEP (which is considered one

of the most precise measurements of the EW sector) is comparable with that on �gZ1 , obtained
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Figure 3: Expected exclusion reach on G(3)
'q (left) and on GW (right) with the various method-

ologies described in the text. The results are also reported in Table 1.

5.2 Results

Our results with the MadGraph NLO Monte Carlo are reported in Figure 3 and in Table 1.
They essentially confirm the trend we already observed in the transition from the Toy to the
MadGraph LO data. The Matrix Element keeps losing sensitivity because the analytic distri-
bution ratio is now even more faraway from the actual distribution ratio since it does not include
NLO QCD e↵ects. The reach of the Binned Analysis deteriorates less, so that it becomes com-
parable to the one of the Matrix Element. The Quadratic Classifier reach is remarkably stable.
Actually it slightly improves with respect to the LO one for GW . This is probably due to the
appearance of same-helicity SM transverse amplitudes (see Section 3.2) and of the corresponding
interference term for the OW operators.

Notice few minor di↵erences in the implementation of the Quadratic Classifier and of the
Binned Analysis at NLO. The Quadratic Classifier now also employs the variable pT,ZW, as

discussed in Section 3. The Binned Analysis for G(3)
'q employs pT,ZW as well, through a cut

pT,ZW/pT,V < 0.5. This improves the reach [27] because it helps recovering (partially) the
background suppression due to the zero of the transverse amplitudes in the central region.

6 Neural Network implementation and validation

The strategies described in Section 2 were implemented in Pytorch [48] and run on NVIDIA
GeForce GTX 1070 graphics card. Fully connected feedforward deep Neural Networks were
employed, acting on the features vector

x = {s, ⇥, ✓W , ✓Z , pT,ZW, pT,Z, sin'W , cos'W , sin'Z , cos'Z} , (35)

for a total of 10 features. Each feature is standardized with a linear transformation to have
zero mean and unit variance on the training sample. For the Quadratic Classifier training,
the Wilson coe�cient employed in the parametrization (12) were scaled to have unit variance
on the training sample. Employing the redundant variables (i.e., pT,Z, and the cosines and
sines of 'W,Z) is helpful for the performances, especially the angular ones, which enforce the
periodicity of the azimuthal angular variables. The “baseline” results presented in Figures 2,
3 and in Table 1 were all obtained with the features vector above and employing a total of
6 million training Monte Carlo points for each of the two Wilson coe�cients. Training was
always performed with a single batch (which was found to perform better in all cases), even if
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Few More Thoughts

 High-Q2 precision is promising, to be further explored

At the LHC, in the first place.

Design of observables, reduction of uncertainties, analysis techniques 

 Arguably, easier BSM characterisation than low-energy:

At low-energy, BSM will show up as an intricate combination of EFT 
operators [even if EFT is simple at cutoff, running will mess up].

Energy-growing BSM in one channel, instead, uniquely associated to 
specific EFT operators.

Much more information in (multivariate) distributions than in FCC-ee 
observables. Opportunity to disentangle different operators.

Could play essential role to “give a name” to FCC-ee discoveries, or to 
Direct discoveries at FCC-hh.
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