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Motivation for Exotic Higgs Decay Searches

• Two major possibilities for NP to evade current searches (picture from D. E. 

Morrissey @ HC 2016)
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Exotic Higgs Decays
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Strategy of Exotic Higgs Decay Searches: 

Collider Type Considerations

• (HL-)LHC

• Large signal cross sections

• Large backgrounds

• Large pile-up

• Higher thresholds needed to 

control systematics

• Significant impact on the 

performance of objects like jet 

and MET

• Electron-positron collider

• Small backgrounds

• Pile-up negligible

• Small signal cross sections

• As long as the Br is not too 

small, an e+e- machine will 

provide an ideal environment 

for probing exotic Higgs decay.

See talks given by W. Yao and Z. Liu for detail.D. Curtin et al., PRD 90 (2014) 075004



Electron-Positron colliders (e.g. CEPC, FCC-ee) are ideal for 

studying most of the exotic Higgs decays. 

However, what if such lepton colliders are not available 

before the end of HL-LHC? Does there exist any other 

option?
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What is the LHeC?
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What is the LHeC?

• The LHeC is a proposed electron-proton collider expected 

to run synchronously with the HL-LHC.
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What is the LHeC?

• Proposed LHeC parameters:

• 7 TeV proton beam (from HL-LHC)

• 60 GeV electron beam (with -80%~-90% polarization) (limited by 

power consumption)

• Luminosity as high as 1 ab-1

• Detector (including tracker) supposed to have a very large 

pseudorapidity coverage (up to 5)
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O. Bruening, LHeC Accelerator Studies and Considerations, talk at LHeC 2015 Workshop

A. Gaddi, LHeC Detector: Preliminary Engineering Study, talk at LHeC 2015 Workshop

F. Zimmermann et al., 

MOPWO054, Proceedings of IPAC 2013
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For more information on specific topics, see slides in:

http://lhec.web.cern.ch/talks-seminars

http://lhec.web.cern.ch/talks-seminars


Higgs Boson Production in ep Collision:

Single Production

• VBF-like topology for CC and NC 

production

• Understanding using effective W 

approximation:

• No divergence when the pT of final state 

quark tends to zero, in contrast to QCD 

parton.

• Because of the 1/x behavior for the gauge 

boson distribution, the outgoing parton 

energy (1-x)E tends to be high.

• At high pT, the contribution from the 

longitudinally polarized gauge bosons is 

relatively suppressed
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T. Han & B. Mellado, PRD 82, 016009 (2010)



Higgs Boson Production in ep Collision:

Single Production
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Uta Klein, DIS2015



Relevance of the LHeC for Higgs Physics

• Reducing PDF & αS uncertainties for (HL-)LHC Higgs signal strength 

measurement

• Probing bottom Yukawa at 1~2% precision and charm Yukawa at O(10%) 

precision

• Exotic Higgs decays

• Invisible Higgs decay

• Higgs to 4b
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ECFA LHC workshop proceedings 1990; T. Han et al., PRD 82, 016009 (2010)

LHeC CDR, JPG 39, 075001 (2012);  

U. Klein, talk at LHeC workshop 2015; M. Tanaka, talk at LHeC workshop 2015.



LHeC Invisible Higgs Decay

• Well-motivated decay channel for Higgs & 

DM physics

• VBF or ZH production needed at the HL-

LHC

• LHeC signal: NC channel

• Backgrounds:  Wje, Wjν, Zje, other (top, 

e+multijet, PHP)

• Event selection considerations:

• MET requirements

• VBF-like selections

• Electron kinematics

• Lepton veto
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Y. L.Tang, CZ, S. Zhu, Phys. Rev. D 94, 011702 (2016)

=>Cut based, parton level, probing 

Br(h->invisible)=6%@2σ level with 1 ab-1.



LHeC Invisible Higgs Decay: Results
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Comparison with the HL-LHCDetector level study with MVA

• Probing 4.6% Br @ 2σ with 1 ab-1. 

(Preliminary results by S. Kawaguchi and 

M. Kuze, Tokyo Institute of Technology)

ZH Channel (ATLAS-PHYS-PUB-2013-014)

VBF Channel

projection (CMS): 

probing 5.6% Br @ 

95%CL with based 

on extrapolation.

CMS DP 2016/064



LHeC Higgs to 4b

• Well motivated signature in extended 

Higgs sector.

• Difficult to probe at hadron colliders.

• LHeC signal: here using CC channel.

• Backgrounds: CC multijet, CC 

t/h/W/Z+jets, PHP multijet.

• PHP backgrounds assumed to be 

negligible after MET requirements and 

electron tagging.

• Current analysis is done at parton level.
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Shang Liu, Yi-Lei Tang, CZ and Shou-hua Zhu, 1608.08458

Detector level study in progress with Liverpool LHeC group.



LHeC Higgs to 4b: Event Selection

• Jet energy smearing

• Basic cuts: requiring at least 5 jets satisfying

(Electron tagged events are excluded. Charged leptons are vetoed.)

• MET: (E0=40GeV as default)

• 4b-tagging

• 4b invariant mass window:

• 2b invariant mass window: for the “correct” grouping
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LHeC Higgs to 4b: Results
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95% CLs upper limit of C4b
2 for 20, 40, 60 GeV phi mass with 1 ab-1: 0.3%, 0.2%, 0.1% (E0=40GeV)

For E0=60GeV, corresponding limits change to: 0.5%, 0.4%, 0.2%



Interpretation (SM+real singlet scalar)
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For phenomenological constraints, see:

T. Robens et al., EPJC 75, 104 (2015)



Conclusion and Discussion

• Exotic Higgs decays are well-motivated BSM signatures which are worth serious investigations.

• The LHeC is a proposed electron-proton collider expected to run synchronously with the HL-

LHC, with luminosity up to 1 ab-1. The default electron beam is 60 GeV, possibly with high 

polarization.

• If a lepton collider with sufficient mass of energy is not available before the end of the HL-LHC, 

then it would be important to consider DIS as an additional probe of exotic Higgs decays which 

may yield better or comparable sensitivities due to cleaner environment.

• It is worthwhile to also consider other exotic Higgs decay searches at the LHeC, especially those 

which suffer from large backgrounds, pile-up effects and systematic uncertainties. For example, 

Higgs to bb+MET.
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LHeC Invisible Higgs Decay

• Beam

• 7 TeV proton + 60 GeV electron

• electron is -90% polarized

• Energy smearing

• Basic cuts
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0.6  for jets 0.03 for jets
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• Cut flow after basic cuts

LV pT threshold: 5 GeV for muon, 7 GeV for electron and 

20 GeV for visible hadronic tau.

LV eta coverage ~ 5.0

Hadronic tau tagging efficiency: 70%

Tau decay treated in collinear approximation.

Assumptions on visible tau momentum:

Leptonic decaying tau: 1/3

Hadronic decaying tau: 1/2

Treatment of tau decay checked with TauDecay package.

(K. Hagiwara, T. Li, K. Mawatari and J. Nakamura, 1212.6247)

Convention: Proton direction corresponds to positive pseudorapidity.

Event generation and analysis tools: FeynRules, MG5_aMC@NLO, MadAnalysis

PDF: NNPDF2.3 LO

(parton level analysis)



LHeC Invisible Higgs Decay: Results 
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MET Br(h )VC invisible  
Br(h->inv)=6%@2σ level with 1 ab-1

(Parton level, assuming κV=1.0 )
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Cut Flow Tables for LHeC Higgs to 4b Study
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Statistical Treatment (LHeC Higgs to 4b)
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A. L. Read, J. Phys. G28, 2693 (2002)

G. Cowan, 1307.2487



Statistical Treatment (LHeC Higgs to 4b)

• 5σ Discovery:

• CDF[PoissonDistribution[b],Median[PoissonDistribution[s+b]]-1] >= 

CDF[NormalDistribution[0,1],5]

• 95% CLs exclusion:

• CDF[PoissonDistribution[s+b],Median[PoissonDistribution[b]]] 

÷CDF[PoissonDistribution[b],Median[PoissonDistribution[b]]] = alpha
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Sensitivity Comparison (LHeC Higgs to 4b)
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ATLAS, 1606.08391



Interpretation (LHeC Higgs to 4b)
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D. Curtin et al., JHEP 06, 025 (2015)


