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Frontiers:
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Open questions of the Standard Model:

Is the Higgs boson part of a more complex sector?

Is there an extended/unified symmetry group?

What is dark matter?

Why is there more matter than anti-matter in the universe?

...

→ Physics beyond the Standard Model

→ Direct searches at high-energy colliders (LHC)

→ Astro-physics searches (e.g. DM direct / indirect detection)

→ Indirect evidence from precision measurements
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ILC

FCC-ee CLIC

CEPC

circular colliders: high-lumi run at
√
s ∼MZ

linear colliders: radiative return e+e− → γZ

√
s MZ 2MW 240–250 GeV 350–380 GeV

ILC 100 fb−1 500 fb−1 2 ab−1 200 fb−1 (10 pts.)

CLIC – – – 1 ab−1

FCC-ee 230 ab−1 10 ab−1 (2 pts.) irrel. for EW phys. 200 fb−1 (8 pts.)

CEPC 45 ab−1 2.6 ab−1 (3 pts.) irrel. for EW phys. –
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Anticipated precison for EWPOs:

Quantity current ILC∗ CLIC∗ FCC-ee† CEPC†

MZ [MeV] 2.1 – – 0.1 0.5

ΓZ [MeV] 2.3 – – 0.1 0.5

MW [MeV] 12 2.5 ? 0.7 1.0

sin2 θℓeff [10−5] 14 2 7.8 0.5 2.3

Rb = ΓbZ/Γ
had
Z [10−5] 66 23 38 6 4.3

Can be optimized with different run scenarios

† Measurements at
√
s ∼MZ and

√
s ∼ 2MW

∗ Measurements at
√
s ∼ 250/380 GeV, using ee → γZ

Polarized beams at ILC (Pe−=0.8, Pe+=0.8) and CLIC (Pe−=0.8)
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Anticipated precison for EWPOs:

Quantity current ILC CLIC FCC-ee CEPC

MZ [MeV] 2.1 – – 0.1 0.5

ΓZ [MeV] 2.3 – – 0.1 0.5

MW [MeV] 12 2.5 ? 0.7 1.0

sin2 θℓeff [10−5] 14 2 7.8 0.5 2.3

Rb = ΓbZ/Γ
had
Z [10−5] 66 23 38 6 4.3

de Blas, Durieux, Grojean, Gu, Paul ’19
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•• Evaluate systematic uncertainties with full simulation

(b-tagging hemisphere correlations, particle ID, lepton charge, τ lifetime)

•• Some measurements appear systematic limited, but historically systematic

effects are often overestimated during design stage

•• How much can be gained for EWPOs by running ILC at
√
s ∼MZ compared

to
√
s ≥ 250 GeV (using rad. return)?

•• For lin. coll.: Can one use J/ψ → µ+µ− to calibrate energy?

(δMJ/ψ/MJ/ψ ∼ 2× 10−6 compared to δMZ/MZ ∼ 2× 10−5)

•• Need improved theory calculations (at least 2-loop for 2 → 2 and 3/4-loop

for Z production and decay)

•• Is SMEFT always an appropriate language to parametrize devations from

SM? What do we learn about specific BSM models?

•• Can we disentangle degeneracies in the SMEFT parameter space with νp,

ep and eN scattering experiments?
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Freitas, Heinemeyer, et al. ’19

Quantity FCC-ee CEPC current theory∗ projected theory†

ΓZ [MeV] 0.1 0.5 0.4 0.15

MW [MeV] 0.7 1.0 4 1

sin2 θℓeff [10−5] 0.5 2.3 4.5 1.5

Rb = ΓbZ/Γ
had
Z [10−5] 6 4.3 11 5

∗ Current state-of-art: full two-loop + leading 3-loop

† Future scenario: O(αα2s), O(Nfα
2αs), O(N2

f α
2αs) + leading 4-loop

(Nn
f = at least n closed fermion loops)
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Multi-boson production at hadron colliders

P. Govoni - Future perspectives for EFT studies at LHC - SnowMass21  EF04 meeting, 04.06.20

anomalous couplings

• many results have been expressed in terms of 
anomalous couplings 

• assume that any new physics is summarised as a 
multiplicative modification of one coupling in a 
single vertex in Feynman diagrams 

• typically divided into two categories: anomalous 
Triple Gauge Couplings (aTGC) or anomalous 
Quartic Gauge Couplings (aQGC) 

• historically, aTGCs have been associated to di-
boson final states, aQGCs to tri-boson final states 
and vector boson scattering (VBS)

4

Pietro Govoni
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Future VBS studies 10/20

Parameterize aGC in terms of SMEFT operators

•• Which SMEFT basis to use? [to combine different channels and experiments]

•• EFT contributions in PDF fits? [otherwise may absorb new phys. in proton structure]

•• Putting constraints on multi-dim. space of Wilson coefficients is expensive

in terms of MC generation [is it ok to simply use event weights?]

LSMEFT = LSM +
1

Λ
L5 +

1

Λ2
L6

︸ ︷︷ ︸

state of art
for global fits

+
1

Λ3
L7 +

1

Λ4
L8

︸ ︷︷ ︸

needed for
some aQGC

(When) should we mix dim-6 and dim-8 operators in the fits? How?

talk by Peter Geller at LHCP20
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P. Govoni - Future perspectives for EFT studies at LHC - SnowMass21  EF04 meeting, 04.06.20

how should we cure the unitarity problem?

• In SMEFT, scattering amplitudes generally grow with energy leading to a 
breakdown of unitarity at some critical energy 

• EFT validity stops at the energy Λ, which represents the scale of new physics 

• if this effect is neglected in data analyses, resulting limits on Wilson coefficients 
are typically too stringent 

• what technique should be applied to provide results that are not too optimistic, if 
unitarity questions are neglected? 

• how is the unitarity issue treated when combining several analyses? 

• how do we balance the accounting of unitarity bounds with the need for an easily-
usable result?

15

M. Szleper 

EFT validity issues in Vector Boson Scattering data analysis 

Pietro Govoni
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Proposal: Use dim62 as proxy for theory error and (unknown) dim8

Alte, König, Shepherd ’17,18

Sample pheno study for di-jet prod.:

0

200

400

600

800

1 2 3 4 5 6 7 8 9 10 12 14 16

0.0

0.5

1.0

1.5

χ = exp(|y1 − y2|)
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CLIC: e+e− with up to 3 TeV

1 3 5 10 2014 30√
s  [TeV]

10-2

10-1

100

101

102

103

104

σ
 [f

b]

Z

ZZZ

ZZ

WWZ

WW

Costantini et al. ’20
µCol: µ+µ− with up to 30 TeV

VBF/VBS dominates at
√
s & few TeV

EW PDFs provide good approx.

(prob. for “finding” W/Z in e/µ)

Can be computed perturbatively,

but resums log(s/M2
V )

Also may need EW parton shower

for final states
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Sensitivity to new physics in VBS at CLIC:

-100

-50

0

50

100

-100 -50 0 50 100
F
S
,1

[T
eV

−
4
]

FS,0 [TeV−4]

Fleper, Kilian, Reuter, Sekulla ’16

1.0 TeV, 5 ab−1

1.4 TeV, 1.5 ab−1

3.0 TeV, 2 ab−1

EFT scale Λ . 1 TeV

→ EFT breaks down (need full model)

d
σ

d
M

[f
b
/
G

eV
]

M(W+
W

−) [GeV]

e
+
e
−

→ ν̄νW
+
W

−

SM
EFT

Isoscalar scalar

10−5

10−4

10−3

10−2

10−1

0 500 1000 1500 2000 2500 3000



Global SMEFT fits 15/20

Higher-dim. ops. constructed with SM fields

L = LSM +
cνm

Λ
Oνm+

1

Λ2

∑

i

ciO(6)
i + ...

Present exp. data with minimal model assumption;

Framework for comparing experiments

More operators than observables

→ Need to make assumptions, e.g. U(3) or U(2) flavor universality

Correlations between sectors (e.g. Higgs and EW)

de Blas, Durieux, Grojean, Gu, Paul ’19
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HH production vs. loop effects

h

h

νe

ν̄e

e
+

e
−

e
+

e
−

e
+

e
−

e
+

e
− h

h

νe

ν̄e

h h

Z Z

h

h

W
+

W
+

W
−

W
−

de Blas et al. ’19
Spoiled by other loop effects?
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Top higher-dim. operators in loop diagrams:

Jung, Lee, Perell, Tian, Vos ’20



Global SMEFT fits: Open questions 18/20

•• Full and consistent treatment of all ops. in VV prod ?

•• Include ΓH as free parameter (from exotic BSM decay channels) ?

•• How to include EFT validity constraints; theory errors ?

•• Include 4-fermion operators (e.g. from EW 2→2 processes) ?

•• Include ✟
✟
✟CP operators (and ✟

✟
✟CP observables) ?

•• SMEFT contributions in backgrounds and PDF fits?

•• Impact of low-energy experiments and lepton-hadron colliders ?



Low-energy PV: EFT interpretation 19/20

4-lepton operator
4π

Λ2
[ēγµγ5e] [ēγµe]

e

e

e

e

E158: Λ . 17 TeV

MOLLER: Λ . 39 TeV

Erler, Horowitz, Mantry, Souder ’14

Falkowski, Gonzalez-Alonso, Mimouni ’17
Falkowski et al. ’18

cee

v2
[ēγµPRe] [ēγµPRe]

cℓℓ
v2

[ēγµPLe] [ēγµPLe]
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SM input parameters

•• MZ, ΓZ: From σ(
√
s) lineshape

•• mt: Current status δmt ∼ 0.4 GeV at LHC PDG ’18

→ Additional theory uncertainties? Butenschoen et al. ’16

Ferrario Ravasio, Nason, Oleari ’18

From e+e− → tt̄ at
√
s ∼ 350 GeV:

δmt . 50 MeV

Simon ’19



SM input parameters

•• MZ, ΓZ: From σ(
√
s) lineshape

•• mt: Current status δmt ∼ 0.4 GeV at LHC PDG ’18

→ Additional theory uncertainties? Butenschoen et al. ’16

Ferrario Ravasio, Nason, Oleari ’18

From e+e− → tt̄ at
√
s ∼ 350 GeV:

δmt . 50 MeV

•• mb, mc: From quarkonia spectra using Lattice QCD

δmMS
b ∼ 30 MeV, δmMS

b ∼ 25 MeV LHC HXSWG ’16

→ estimated improvements δmMS
b ∼ 13 MeV, δmMS

b ∼ 7 MeV

Lepage, Mackenzie, Peskin ’14



SM input parameters

•• αs:

• Most precise determination using Lattice QCD:

αs = 0.1185± 0.0008 ALPHA ’17

αs = 0.1172± 0.0011 Zafeiropoulos et al. ’19

• e+e− event shapes and DIS: αs ∼ 0.114
Alekhin, Blümlein, Moch ’12; Abbate et al. ’11; Gehrmann et al. ’13

→ Subject to sizeable non-pertubative power corrections

→ Systematic uncertainties in power corrections?

• Electroweak precision (Rℓ = Γhad
Z /ΓℓZ):

αs = 0.120± 0.003 PDG ’18

e
−

e
+

q

q

Z→ No (negligible) non-perturbative QCD effects

FCC: δRℓ ∼ 0.001

⇒ δαs < 0.0002 (subj. to theory error)

Caviat: Rℓ could be affected by new physics



SM input parameters

•• ∆α ≡ 1− α(0)
α(MZ)

≈ 0.059 = 0.0315lept +0.0276had

Hadronic effects from e+e− → had. data γ γ
q

q

Last 5 years: new data from BaBar, VEPP, BES

→ Robust precision ∼ 10−4 Davier et al. ’17,19; Jegerlehner ’17

Keshavarzi, Nomura, Teubner ’18

With future data from BES, VEPP, Belle and improvements in QCD:

δ(∆α) ∼ 5× 10−5 Jegerlehner ’19

• Direct determination from e+e− → µ+µ− off the Z peak Janot ’15

(i.e. A
µµ
FB at

√
s ∼ 88 GeV and

√
s ∼ 95 GeV)

→ δth(∆αhad) ∼ 3× 10−5

σ ∝ (|gℓV|2 + |gℓA|2)2 + (s−M2
Z)α(MZ)|gℓV

↑
determine

from Z pole

|2 + ... e−

e+

f

f

γ
bb

e−

e+

f

f

Z

bb
→ Requires multi-loop

theory calculations



Low-energy parity violation

Polarized ee, ep, ed scattering

(QW(e), QW (p), eDIS)

E158 ’05; Qweak ’17;
JLab Hall A ’13

νN/ν̄N scattering NuTeV ’02

Atomic parity violation

(QW(133Cs)) Wood et al. ’97

Guéna, Lintz, Bouchiat ’05

→ Test of running MS weak

mixing angle sin2 θ̄(µ)

e
ν/ν̄

e
ν/ν̄

e, p,N e, p,N

Z

g
ef
AV [ēγµγ5e] [f̄γµf ]

g
ef
VA [ēγµe] [f̄γµγ5f ]

g
ef
AV = 1

2 − 2|Qf |sin2 θ̄(µ)
g
ef
VA = 1

2 − 2sin2 θ̄(µ)



Low-energy parity violation

Polarized ee, ep, ed scattering

(QW(e), QW (p), eDIS)

E158 ’05; Qweak ’17;
JLab Hall A ’13

νN/ν̄N scattering NuTeV ’02

Atomic parity violation

(QW(133Cs)) Wood et al. ’97

Guéna, Lintz, Bouchiat ’05

Future experiments:
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VA [ēγµe] [f̄γµγ5f ]

g
ef
AV = 1

2 − 2|Qf |sin2 θ̄(µ)
g
ef
VA = 1

2 − 2sin2 θ̄(µ)


