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Outline
• ee colliders & ee → hZ,hhZ: quick notes

• The SMEFT & application to ee → hZ,hhZ
the 22D class op’s from heavy vector-boson exchanges  

• NP(ee → hZ,hhZ)22D :expectations @ a 0.5-3 TeV ILC/CLIC 

• Some extra handles 
– Validity of the EFT

– An hZ – hhZ correlation 

• Summary & outlook
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ee colliders: a pathway to precision
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“stolen” from Paulo Meridiani’s talk @ EPS-HEP2017

given the present status of BSM searches, need percent level 
accuracies to hunt for the tail of potential multi-TeV NP

Some benchmark expectations for leading BSM scenarios
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ee → hZ & hhZ: some basic facts
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SM
e+e- → hZ e+e- → hhZ

(Ecm ~ 250 GeV)  ~ O(100 fb) 
dropping to O(10 fb) @ Ecm ~ 1 TeV 

& to O(1 fb) @ Ecm ~ 3 TeV

(Ecm ~ 500 – 1000 GeV)  ~ O(0.1 fb) 
dropping to O(0.01 fb) @ Ecm ~ 3 TeV 
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SM
e+e- → hZ e+e- → hhZ

(Ecm ~ 250 GeV)  ~ O(100 fb) 
dropping to O(10 fb) @ Ecm ~ 1 TeV 

& to O(1 fb) @ Ecm ~ 3 TeV

(Ecm ~ 500 – 1000 GeV)  ~ O(0.1 fb) 
dropping to O(0.01 fb) @ Ecm ~ 3 TeV 

Dominant Higgs prod. Channel 
@ Ecm ~ 250 -350 GeV

One of the main motivation for hhZ:
potential sensitivity to the Higgs trilinear self coupling

ee → hZ & hhZ: some basic facts
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SM
e+e- → hZ e+e- → hhZ

(Ecm ~ 250 GeV)  ~ O(100 fb) 
dropping to O(10 fb) @ Ecm ~ 1 TeV 

& to O(1 fb) @ Ecm ~ 3 TeV

(Ecm ~ 500 – 1000 GeV)  ~ O(0.1 fb) 
dropping to O(0.01 fb) @ Ecm ~ 3 TeV 

Indeed, both are sensitive to a variety of BSM scenarios
but: sensitivity to multi-TeV NP requires TeV-scale energies where CSX’s are small 

 needs an O(1000 fb-1) luminosity

Dominant Higgs prod. Channel 
@ Ecm ~ 250 -350 GeV

One of the main motivation for hhZ:
potential sensitivity to the Higgs trilinear self coupling

ee → hZ & hhZ: some basic facts
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The SMEFT

perhaps the only not-speculated NP 
framework by definition …
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The “art” of EFT in a nutshell:
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 “light fields” [@ E  ] = SM fields

 Gauge-symmetry [@ E  ] = SM: SU(3)xSU(2)xU(1)  

 Underlying NP (heavy) is weakly coupled, renormalizable, obeys 
gauge-invariance & preserves symmetries of the known dynamics (SM)     

(useful for classifying the higher dim operators) 

Conventional practice: physics at E   is described by
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The “art” of EFT in a nutshell:
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use 3 more guiding principles which further simplify/reduce the # of relevant operators
(we don’t know the precise form of the underlying heavy physics  ambiguities in selecting relevant operators …): 

Arzt, Einhorn & Wudka, Nucl.Phys. B433 (1995), 41; Einhorn & Wudka, Nucl.Phys. B876 (2013) 556

1. Equations of Motion (EoM): an “equivalence theorem”

2. Integration by Parts (IbP): dismiss surface terms 

3. Loop Classification of operators: loop-gen. (LG) vs potentially tree-level gen. (PTG) operators 

Many operators can be constructed under these conditions, 
O(50) @ dim 6

but only several of them directly apply to hZ & hhZ prod …

on top of that:
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The SMEFT & heavy vector-boson exchanges: 

the 22D class operators  
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+ 4 fermion interactions …

The GIMR (Warsaw) basis (Grzadkowski et at., arxiv:1008.4884) 
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+ 4 fermion interactions …

The GIMR (Warsaw) basis (Grzadkowski et at., arxiv:1008.4884) 

22D op’s:
heavy vector-boson 

exchanges 
(singlets & triplets) 

The SMEFT & heavy vector-boson exchanges: 

the 22D class operators  

generate llhZ & llhhZ
contact terms and therefore 

expected to give the 
dominant higher-dim. EFT 

effect in ee →hZ,hhZ
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The SMEFT & heavy vector-boson exchanges: 

the 22D class operators  

Alloul, Fuk, JHEP2014 (arxiv: 1310.5150) 

For practical reasons use HEL package (FeynRules) → UFO file for MG5 …
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leptonic22D op’s 

The SMEFT & heavy vector-boson exchanges: 

the 22D class operators  

Alloul, Fuk, JHEP2014 (arxiv: 1310.5150) 

For practical reasons use HEL package (FeynRules) → UFO file for MG5 …



Shaouly Bar-ShalomPhysics @ CLIC, CERN, July 201714

“mapping” HEL → GIMR:

leptonic22D op’s 

fi ~ O(1) …

For practical reasons use HEL package (FeynRules) → UFO file for MG5 …

The SMEFT & heavy vector-boson exchanges: 

the 22D class operators  

Alloul, Fuk, JHEP2014 (arxiv: 1310.5150) 
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Constraints:

The SMEFT & heavy vector-boson exchanges: 

the 22D class operators  

e.g., Contino et al., JHEP2013 (arxiv: 1303.3876) 

use PEWD 

in terms of  (e.g., for OHL):

fi =-1 fi =1
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e+e- → hZ, hhZ & the 22D class operators  

e+e- → hZ e+e- → hhZ
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• An interesting hZ – hhZ correlation …

• Same sensitivity to fHL & f’HL

e+e- → hZ, hhZ & the 22D class operators  

e+e- → hZ e+e- → hhZ
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e+e- → hZ, hhZ: numerical analysis

Sensitivity:

Benchmark designs:

Ecm [TeV] L [fb-1]

0.5 500

1 1000

2 2000

3 2500
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e+e- → hZ, hhZ: numerical analysis

“Validity” function:

Values of  for which R>1 are considered to be inconsistent with the EFT prescription … 
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Limitations of the EFT

“Validity” function:

Values of  for which R>1 are considered to be inconsistent with the EFT prescription … 

Ecm=0.5 TeV 

Ecm=1 TeV  > 2.5 TeV

Ecm=2 TeV  > 4.5 TeV

Ecm=3 TeV  > 7 TeV

Results for the22D op’s cannot be “trusted” below these values 
without knowing the full dim 8 effect …

=
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Naive Analysis Realistic Background Analysis

 (e+e- → hZ, hhZ)  BR(h,Z → F)
full simulation of backg with 

appropriate kinematic & 
acceptance cuts

(but still a theorist analysis …)

NA ~ RBA 
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BG considerations

BG depends on the subsequent decays of h & Z:

Z → : dominant BG from WW-fusion
(in particular @ Ecm ≥ 1 TeV)

Z → ee: dominant BG from ZZ-fusion

e+e- → hZ → h e+e- → hhZ → hh

e.g., BG for the 
h & hh fs
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BG considerations

BG depends on the subsequent decays of h & Z:

Consider all SM + NP(OHL) diagrams for any of the final states and 
optimize with a set of kinematic + acceptance cuts:

e.g., for e+e- → hZ → hee:     85 GeV < Mee < 95 GeV
pT(e) > 15 GeV, pT(ee) > 80 GeV 

Z → : dominant BG from WW-fusion
(in particular @ Ecm ≥ 1 TeV)

Z → ee: dominant BG from ZZ-fusion

e+e- → hZ → h e+e- → hhZ → hh

e.g., BG for the 
h & hh fs
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e+e- → hZ: full set of SM + NP diagrams

e+e- → hZ → h: 16 diag’se+e- → hZ → hee+h: 24 diag’s e+e- → hZ → hbb: 18 diag’s
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e+e- → hZ: full set of SM + NP diagrams

e+e- → hZ → h: 16 diag’se+e- → hZ → hee+h: 24 diag’s e+e- → hZ → hbb: 18 diag’s

e+e- → hZ → h: comparison with naive estimates
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e+e- → hhZ: sample diagrams

e+e- → hhZ → hh: ~ 70 diag’se+e- → hhZ → hhee+hh: ~ 100 diag’s e+e- → hhZ → hhbb: ~ 100 diag’s
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@ ILC & CLIC

e+e- → hZ → hee+h, h, hbb
e+e- → hhZ → hhee+hh, hh, hhbb

 ~ 7 TeV, borderline sensitivity
@ CLIC energies

Sensitivities
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Due to similarity of diff CSX’s:

An hZ – hhZ correlation
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Due to similarity of diff CSX’s:

An hZ – hhZ correlation

may play a key role in distinguishing
between different NP scenarios!

e.g., NP in the form of anomalous
Higgs trilinear couplings will exhibit
a different behavior:

RhZ/hhZ =

useful observable

RhZ/hhZ ≠ 1
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• The dim 6 22D class op’s (generated by tree-level exchanges of 
heavy vector-boson exchanges in the underlying UV theory) give rise 
to interesting new eehZ & eehhZ contact interactions.

• ee → hZ @ the ILC/CLIC is expected to be   
sensitive to 22D ~ O(10 TeV)

• ee → hhZ: 22D ~ O(7 TeV) borderline at a 3 TeV CLIC, but
– very useful for probing the NP type due to a potential correlation with ee → hZ

– for 22D < 7 TeV need to calculate/estimate the dim 8 contribution  

• Outlook:
– A full study of all dim 6 SMEFT effect in ee → hZ,hhZ (multiple operators)

– Initial beam polarization effects

– A study of the effects of dim 8 op’s  

– A study of the sensitivity of pp → hV,hhV (LHC) to the 22D class op’s
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dim 8 operators
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differential distributions
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heavy vectors operators


