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LHC & Future Colliders
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LHC: 14 TeV  3 ab-1  (or 4ab-1)

HE-LHC: 27 TeV  15 ab-1

100TeV collider: 100 TeV  30 ab-1

8T dipole

16T dipole
16T dipole

Fastest Possible Technical Schedules

M. Benedikt

technical schedule defined by magnets program and by CE
→ earliest possible physics starting dates:
• FCC-hh: 2043
• FCC-ee: 2039
• HE-LHC:  2040 (with HL-LHC stop at LS5 / 2034)

HE-LHC
design &
construction

~2039

2040~

CERN (or in China?)

What do we search for with these machines ?

2043~x3-4 long tunnel

Reaches/Precision obviously improves. Can we answer qualitative yes/no question?

ILC:  250GeV  2 ab-1  , (500GeV, 1TeV, 2TeV, …)

ex) Thermal WIMP DM can be fully searched?

W̃

H̃
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Higgs potential shape

the machine for the Higgs self coupling measurement  
 at the sensitivity able to answer the interesting question
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arXiv:1802.04319  [D. Goncalves, T. Han, F. Kling, T. Plehn, MT]

We know the local structure around VEV, 
(v and higgs mass)

global Higgs potential shape might be different from simple ��4 + µ�2

HE-LHC (27TeV , 15 ab  ): 
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in the SM

EWSB phase transition at early universe

strong 1st order PT O(1) deviation in λ3 required

How accurate λ measurement would be interesting ?
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[C. Grojean, G. Servant, J. Wells]
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⇤2 & 1.7�3,SM

125 GeV Higgs is  
too heavy for EWBG successful

For EW baryogenesis successful 
strong 1st order PT (vc/Tc > 1)  
required (necessary condition)

Considering new physics by dim.6 op.

To exclude this EWBG scenario, 70% level measurements required for λ3

Phys. Rev. D 71, 036001

finite temp. effective higgs potential



the statement is rather general

strong 1st order PT O(1) deviation in λ3 required
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⇤2 & 1.7�3,SM

Considering 3 types of potentials

To exclude this EWBG scenario, 70% level measurements required for λ3

[Phys.Rev. D97 (2018) no.7, 075008  
M. Reichert, A. Eichhorn, H. Gies, J. M. Pawlowski, T. Plehn, M. M. Scherer]



λ sensitivity at  HL-LHC

not satisfactory at all.

Best sensitivity channel 
  　　 bb : large BR 
  　　γγ: clean channel

0.4 < � < 1.75 at 68% CL

using full kinematics

at 95% CL

� ⇡ 1+75%
�60%
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40 fb = 120k events in full lifetime of LHC 

0.1 fb including BR=0.26%

~3% acceptance after selection, based on O(10) events 

(300 events in full lifetime of LHC)

the lowest process involving the self coupling at LHC 

the final sensitivity at HL-LHC on

[Phys. Rev. D 95, 035026, F. Kling, T. Plehn, P. Schichtel]

using only total rate

at 95% CL

[ATL-PHYS-PUB-2017-001,CMS-PAS-FTR-16-002]



three phase space
strong destructive interference 
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box contributions decay slower

6Since they are scalar particles, only mhh distribution has the information at LO.
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Theory prediction at NLO
 [arXiv: 1806.05162]include EFT coupligns and full mt dependence

differential distribution for 23terms available at arxiv

K-factor can be large up to 3, depending on the phase space



HE-LHC and 100 TeV colliders
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in event numbers

in cross section compared with 14TeV 

ILC



boosted HH + j
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[arXiv:1412.7154, A. J. Barr, M. J. Dolan, C. Englert, D. F. de Lima, M. Spannowsky]

Boosting HH system provide possible S/B improvement

requiring 1 additional jet reduce the number of remaining events 

HH events

HH + j events !
keeping mHH structure

large p_{T,H}



properly simulate the 3rd jet important
All Signal/BG samples simulated with 1 additional jet in MLM matching
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two H decay products not always found in the hardest two jets
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Requiring two b-tags in three hardest jets important! (50% acceptance higher)
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(b from H has intrinsic pT ~ 60GeV)

origin of the second jet for 27 TeV and 100 TeV
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continuum BG: flat   
(controllable by side-bands)

Higgs Signal/BG: peaked

pT<65GeV

pT>65GeV
reducing fake photon important (esp. low pT)
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Event selection
two photons, two b-jets

both pairs provide higgs mass

mhhcharacteristic structure should appear in low         region 
but very difficult to access it due to too huge BG (cf. using jet recoil                          )

JHEP 1502 (2015) 016  
[A. Barr, M. Dolan, C. Englert,  
D. Ferreira de Lima, M. Spannowsky]

We have to require mhh > 400GeV



✏c = 15%✏b = 70% ✏j = 0.3%Baseline:
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narrowing di-photon mass range effective to reach S/B ~ 1.

Results

including 3rd jets in the analysis important

4th jet veto mainly for reducing ttH BG.

(the resolution 0.75, 1.5, 2.25 GeV assumed corresponding to the 1,2,3 GeV range)
[Note: 1.5GeV is already achieved at the LHC.]
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including b-tag in 3rd jet clearly  
improves the sensitivity

for Higgs self coupling sensitivity 
photon invariant mass resolution most important

important for detector design
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[1.5 GeV is already achieved at LHC]

Two important comments

(the resolution 0.75, 1.5, 2.25 GeV assumed  
  corresponding to the 1,2,3 GeV range)
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� ⇡ 1± 15% (1�)

for 100 TeV, 30 ab

�1 � ⇡ 1± 5%(1�), 10%(2�)

� ⇡ 1± 30% (2�)

HE-LHC, 27 TeV, 15 ab�1

Phys. Rev. D 97, 113004 [arXiv:1802.04319]
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[D. Goncalves, T. Han, F. Kling, T. Plehn, MT]

sensitivity at HE-LHC

The other channels contribute sub-dominantly.



Limits are diluted from one param analysis due to the cancellation between 

[arXiv:1811.08401]
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[A. Biekotter, D. Goncalves, T. Plehn,  
MT, D Zerwas]

global analysis for Higgs couplings at HE-LHC

at 68%CL 15% in the self-coupling corresponds to  

⇠ 1 TeV

O�2 and O�3



Summary

HE−LHC (27TeV) machine for Higgs self-coupling measurement  
to answer yes/no for the EW Baryogenesis

16

successful EWBG require the 70% enhancement on the Higgs self-coupling.

We have checked the sensitivity at HE-LHC (27TeV, 15ab  ) ~ 15%  [cf. 70% at HL-LHC]
(it would be able to exclude the EWBG scenario at ~ 5σ)

low         region exhibit a characteristic structure but not possible to access  
due to the huge background. 

mhh

important: including 3rd jets properly, improving di-photon invariant mass resolution 

We would be able to reach S/B ~ 1, and O(200) events allow the shape analysis 

100TeV collider would improve the sensitivity by a factor 3, which is ~ 5%.
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