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PRODUCTION OF HH

Sensitive to heavy colored particles (eg
stops or top partners) and new resonances

Sensitive to anomalous top-
Higgs couplings

Sensitive to anomalous 
VVHH couplings
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DOUBLE HIGGS IS GOAL OF HL-
LHC AND FUTURE COLLIDERS

• l3 =MH
2/(2v) is SM HHH coupling

• In SM l3=1; any other value is a sign of new physics

• Contributions tend to cancel at threshold 

• Theory includes NLO with all masses;  NNLO with approximations
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SMALL RATES AT pp COLLIDERS
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Most studies at HL-LHC  
consider gluon fusion  
or VBF only

ttHH+VBF ~15% 
of rate at 100 TeV
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DEPENDENCE ON l3

Everything SM except l3
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HIGGS TRI-LINEAR COUPLING IN THE 
FUTURE
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1902.00134 , 1905.03764
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QCD EFFECTS

• NLO gg→ HH with anomalous couplings implemented in POWHEG

8[See Heinrich talk]
2006.16877.pdf

NNLO’ sensitivity 
to anomalous 
couplings 14 TeV

Red dot is SM

K/KSM
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QCD EFFECTS
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VBF HH production

• Total cross section K 
factor relatively flat in 
VBF HH

• NLO gets most of the 
effect

• Distributions sensitive to 
l3/lSM
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DISCOVERY OF HH AT FCC-hh

• Tools exist to include higher order QCD effects
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LO with SM K factor

100 TeV
NLO

2004.03505.pdf

Include all 
production 
channels in study

https://arxiv.org/pdf/2004.03505.pdf


FCC-hh PRECISION

• Combining bbgg, bbtt and bbbb, precision on SM dkl ~ 3.4-7.8%

• Theory work needed:  allow other couplings to vary 
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Precision depends on kl
and assumptions about 
systematics

2004.03505.pdf
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IT’S NOT JUST HHH……

• In any realistic model,  interactions other than HHH are also changed

• Limits are correlated
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POSSIBLE INTERACTIONS
• Quantify effects in terms of SMEFT

• Expect effects growing with energy to be significant at FCC-hh

• Effective field theory expansion in higher dimension operators
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THEORY MOTIVATION FOR 
ANOMALOUS COUPLINGS

• Singlet model:  Large resonant enhancements; interesting interference pattern

• Singlet model:  new decay channels with HSM Hsinglet in final state

14
[See Englert, Roben talks]

HSM Hsinglet
As  the mass of Hsinglet→∞  , the 
model generates new effective 
interactions, C6 and CH



THEORY MOTIVATION FOR 
ANOMALOUS COUPLINGS

• Composite Higgs models have heavy top-like particle T 
which generates new interactions:  Cg, CY….
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NOT JUST l3
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---- FCC-hh 3 ab-1

---- HL-LHC, 3 ab-1

LHC, 300 fb-1

68% exclusion 
contours

1502.00539

HH→bbgg

c 3
=l

3/
l S

M

(ttHH vertex)
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DOUBLE HIGGS PRODUCTION AT 
e+e- COLLIDERS

• Very small cross sections

• Not possible at 240 GeV e+ e- colliders
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• Depends on HHH coupling and on 
WWH, WWHH couplings

LH polarization increases HHnn rate



HHH COUPLING IN e+e-

• Either ZHH or HHnn is greater than SM rate for anomalous HHH couplings

18* Polarized beams as in ILC 

Only allow l3 to vary

1908.11299.pdf

https://arxiv.org/pdf/1908.11299.pdf


~10% MEASUREMENTS

• CLIC at 1.4 TeV expects 5.9s evidence for ZHH 
observation with 68%cl measurement
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ILC with 4 ab-1 with  80% e- and 30 % 
e+ polarizations in bbbb and bbWW
channels

• Many models have 
enhanced HHH 
couplings

• Shape of distributions 
change with l3
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COMPLEMENTARITY WITH 
PRECISION MEASUREMENTS

• Indirect constraints from Higgs measurements

• Indirect constraints from precision observables

Precision on kl similar to that from direct measurements of HH
Include in global  fits

+ …
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kl IN SINGLE HIGGS
PRODUCTION

• Include HH limits in global fits

• Theory is scenario where only
new physics is scalar 
modification of HHH vertex

• EFT approach will have other 
contributions to HH 
production
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FIT TO PRECISION EW 
OBSERVABLES

• At NLO EW , dependence on many coefficients that don’t arise at 
tree level when computing Z pole observables

• These effects can be numerically significant

22

<latexit sha1_base64="uQDySu8iFpErJVMqwBYjx1oUo+s="></latexit>

�NLO =
CNLO � CLO

CLO

2007.01296.pdf

http://rxiv.org/pdf/2007.01296.pdf


TARGET FOR PRECISION?

• Z2 symmetric singlet model  fit to 
single Higgs, VV data, electroweak 
precision observables

• Target measurement of  l3/lSM to 
improve on current limit
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CH⇤ = 0 in Z2 symmetric singlet model

Z2 Symmetric Singlet Model

C6/(TeV)2
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CONCLUSION

24

Single Higgs numbers have 
multi-parameter SMEFT fit 
with 1 parameter fit in ().

2 years later, we have 
better handles on SMEFT 
theory predictions (both 
QCD and EW)

Combine di-Higgs and 
single Higgs sensitivities

1905.03764.pdf

https://arxiv.org/pdf/1905.03764.pdf


CONCLUSIONS

• Theory has advanced so that we have the tools to do NLO QCD 
studies for FCC-hh for HH production with anomalous couplings

• SMEFT EW loop calculations not complete (and our understanding of 
when they are needed is also inadequate)

• Need to include more than just the HHH coupling in projections 
for HH sensitivities 

• This effort is taking hold

• Models motivate choice of anomalous couplings

• Global fits (both e+e- and pp) sensitive to anomalous couplings in 
HH production
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