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Overview
1. Motivation 

2. SMEFT: anomalous couplings, leptonic high-
energy primaries… 

3. Zh and ZBF at e+e- colliders 

4. Projected sensitivities to EFT couplings 

5. Summary and conclusions
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Motivation: Where are we 
standing?
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SM 10 years ago: gauge 
and matter fields

SM today: gauge, matter, 
and Higgs fields

2012 boson:
SM-like Higgs
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SM 10 years ago: gauge 
and matter fields

SM today: gauge, matter, 
and Higgs fields

2012 boson:
SM-like Higgs

Phys. Rev. D 101, 
012002 (2020)

PDG 2019 Review 
Electroweak Model 
and Constraints on 

New Physics

PLETHORA OF DATA: 

signal stre
ngths, kappa 

fra
mework, STXS…

PDG 2019 Review 
CKM Matrix
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Motivation: What can be 
done?
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Reconstruct TeV-scale 
Lagrangian with 

current data?

Rates are not enough. 
Include differential 

information?

What observables are 
best to anticipate to 

incoming data?

Absence at the LHC of new physics BSM ⁉
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EFT: PARAMETERISE NEW PHYSICS IN 
A “MODEL-INDEPENDENT” WAY 💪😎

Mass scale of new physics (should be large)

Wilson coefficients Higher-dimensional operators
❖ Respect SM 

gauge symmetry 
(SU(2) x U(1))

❖ Include only SM 
fields
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SMEFT: HD operators, 
choice of basis, …
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• SM here is a low-energy effective theory valid 
below a cut-off scale 𝚲, superseded by a bigger 
theory above such scale. 

• Appelquist-Carazzone theorem: at the 
perturbative level, all heavy (> 𝚲) DOF are 
decoupled from the low-energy theory.
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Leading BSM 
effects (59 

independent 
B-conserving 

operators)

Neutral TGC 
interactions

d = 5: 
Majorana 

mass term to 
neutrinos

d = 7: Breaks B, L

(Nucl. Phys. B 268 (1986) 621-653;
Phys.Rev.D 48 (1993) 2182-2203;

JHEP10(2010)085; …)

15 boson + 19 single 
fermion + 25 four fermion. 
Lowest dimension, after 

d=4, inducing hXY, hXYZ, 
charged TGCs

Many deformations 
from a single 

operator: 
correlated 

interactions
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SMEFT: HD operators, 
choice of basis, …
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• SM here is a low-energy effective theory valid 
below a cut-off scale 𝚲, superseded by a bigger 
theory above such scale. 

• Appelquist-Carazzone theorem: at the 
perturbative level, all heavy (> 𝚲) DOF are 
decoupled from the low-energy theory.

New vertices ensuing 
from EFT can produce 
novel/enhanced effects 

in certain PS regions

Observables to study 
the effects of certain 

operators/processes?

In the Higgs sector, 
precisely measure their 

couplings to gauge 
bosons and fermions

Indirect constraints (S, T), 
precision physics at LEP, 

correlations… Need more and 
better measurements to improve 

current bounds
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★Bottom-up approach: find set of independent 
new interactions that can arise and are the 
experimentally best tested ones.

★Use BSM primary effects to constrain new 
physics (broken phase).
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Anomalous Higgs Couplings
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Terms not constrained by LEP. First time probed at the LHC:

(Phys. Rev. D 91, 035001)
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Anomalous Higgs Couplings
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• Correlations between LEP and LHC 
measurements can be exploited. 

• Only 8 Higgs BSM primary effects (1 family), 
while all other Higgs interactions are related to 
BSM primaries.
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Anomalous Higgs Couplings
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• h → Z𝜸, h → 𝝻+𝝻-, 𝝺hhh … 😰 NEED PRECISION! 

• Potential of constraining several couplings for 
processes that grow with energy at per-mille level. 

• Exploit technical capabilities of future colliders 
(ILC, CLIC, …): luminosity, resolution, beam 
polarisation.

Measurements at colliders
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Future e+e- colliders:
Cross-sections overview
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LO cross-section for important Standard Model processes in e+e- collisions (CYRM-2018-003)
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Future e+e- colliders:
Cross-sections overview
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👀🔍
LO cross-section for important Standard Model processes in e+e- collisions (CYRM-2018-003)
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Zh and W+W- at high 
energy e+e- colliders
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Leading high energy contribution to e+e- > Zh, W+W- amplitudes in the SM (left),
and D6 SMEFT (right) using the Goldstone Boson Equivalence Theorem.
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Zh and W+W- at high 
energy e+e- colliders

Leptonic
high-energy

primaries
(1712.01310)
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Leptonic high energy 
primaries

(1008.4884)
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Leptonic high energy 
primaries
🤔

How well can we test the following correlations?
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Future e+e- colliders:
Higgs and Z boson

Same 
amplitude, up 

to an 
exchange of 

s    t

XXXVI RADPyC
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Zh and ZBF
at e+e- colliders
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Zh and ZBF
at e+e- colliders
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Some plots of the ILC1000 Zh selection.
Left: Invariant mass of the FS 2-lepton system.

Right: Recoil mass distribution.
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Zh and ZBF
at e+e- colliders

Some plots of the CLIC3000 ZBF selection.
Left: Invariant mass of the FS e+e- system.

Right: Rapidity gap between the FS electron-positron pair.
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High-energy fit
• Zh: total rate. 

• ZBF: pTh differential distribution. 

• W+W-: inferred from (1812.02093).
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Projected sensitivities to 
EFT couplings

XXXVI RADPyC

Projected sensitivities for the leptonic high-energy primaries at CLIC3000 in two-dimensional 
planes, where the third parameter has been marginalised over.
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Projected sensitivities to 
EFT couplings

XXXVI RADPyC

Projected sensitivities on the individual leptonic high-energy primaries at CLIC3000 where the 
other two parameters have been marginalised over.
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Projected sensitivities to 
EFT couplings

XXXVI RADPyC

🤔
Remember the correlations we’re testing?
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Projected sensitivities to 
EFT couplings

XXXVI RADPyC

LEP bounds (Z-pole)
95% CL bounds on each of the 

three couplings after marginalising 
over the other two

(1411.0669)



• High-energy e+e- colliders can i) compete with 
LEP, and ii) improve constraints. 

• Correlated anomalous couplings => Higgs 
couplings were already indirectly constrained by 
LEP. 

• Full tensor structures can be disentangled by 
combining total rates + differential information 
+ beam polarisation (ZBF + Zh).

Summary and Conclusions
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Questions/Comments/Suggestions?
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👏🙌
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High energy lepton 
colliders as the ultimate 

Higgs microscopes



Backup slides
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Deformations and
correlated interactions
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Assuming flavour universality, some anomalous Higgs

couplings first probed at the LHC are:
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EW Anomalous Couplings:  
9 EW Precision Observables
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Processes entering the 
high-energy fit
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Collider parameters
• UFO > FeynRules. 

• MadGraph5: LO MC events > Pythia 8.2. 

• DELPHES 3: ILD Tune (ILC250, ILC1000); CLICdet 
Stage3 Tune (CLIC3000).
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Zh event selection
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ZBF event selection
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<latexit sha1_base64="2xfgDRCE+aS0dCMGfkwm9Bx6GL0="></latexit>

� (Pe� ,Pe+) =
1

4
{(1 + Pe�)(1 + Pe+)�RR + (1� Pe�)(1� Pe+)�LL

+ (1 + Pe�)(1� Pe+)�RL + (1� Pe�)(1 + Pe+)�LR}

Future e+e- colliders:
Beam polarisation and Higgs + leptons
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Future e+e- colliders:
ZBF
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Future e+e- colliders:
ZBF
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Exploit beam 
polarisation!

Leading 
effect at high 

energies
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SILH basis
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Projected sensitivities to 
EFT couplings (SILH)

Left: projected sensitivities for the case of universal new physics for ILC1000 and their 
comparison with LEP bounds (LEPEWWG-TGC-2003-01) and HL-LHC projections (1810.05149).

Right: Projected sensitivities for the case of universal new physics for CLIC3000 and their 
comparison with LEP bounds and HL-LHC projections. We have assumed W = Y = 0.
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