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More details, see [Uta Klein’s talk “FCC-eh SM and BSM Higgs Studies” in the FCC week 2017,

https://indico.cern.ch/event/556692/contributions/2510778/attachments/1468874/2272276/FCC_Berlin

_UKlein_01.06.2017.pdf ]
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 Scale dependencies of the LO calculations   

~ 5-10%.

 NLO QCD corrections are small, 

but shape distortions of kinematic

distributions up to 20%. 

 QED corrections up to -5%

Collider LHeC FCC-eh
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SM Higgs Production @ ep Colliders

[J. Blumlein, G.J. van Oldenborgh , R. Ruckl,

Nucl.Phys.B395:35-59,1993] 

[B.Jager, arXiv:1001.3789] 

ET,misselectrons 

protons 
Fwd jet

WWH 

electrons 

protons  Fwd jet

FS electron

ZZH

 In ep, direction of quark (FS?) is well defined.

σ [fb] (LO QCD CTEQ6L1 MH=125 GeV)



Analysis Framework

Event generation

by MadGraph5/MadEvent

• SM or BSM production

• CC & NC DIS background

• Fragmentation

• Hadronization

Fast detector simulation

by Delphes

 test of FCCeh detector

S/B analysis  Cuts or BDT

by PYTHIA (modified for ep)

 Calculate cross section with tree-level Feynman 
diagrams (any UFO) using pT of scattered quark as 
scale (CDR ŝ ) for ep processes with MadGraph5

 Standard HERA tools can NOT to be used !

 Higgs mass 125 GeV as default

 Fragmentation & hadronisation uses ep-
customised Pythia. 

 Delphes ‘detector’ 

displaced vertices and  signed impact 

parameter distributions 

studied for LHeC, and used for FCC-eh 

SM Higgs extrapolations

 powerful method to optimize detector tuning and 
S/N (S/B ?) for various Higgs, top and BSM  
decays

 Ongoing: Integration of FCC-eh into FCC 
simulation framework
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Cut-based Results for Hbb @ LHeC
[Masahiro Tanaka, Masahiro Kuze]

Previous studies pursued since the LHeC CDR 

[ before the Higgs discovery, see  http://cern.ch/lhec ]

http://cern.ch/lhec


BDT Results for Hbb @ LHeC

L = 1 ab-1

Pe= -80%

[ Uta Klein & Daniel Hampson ]

Hbb:

 using same background 

assumptions as for cut-based 

analysis

 A factor 5 more Hbb

candidates (~ 15,000) (How?)

=> uncertainty ~ 0.5%

Hcc:

 High sensitivity to vertex 

resolution (nominal 10 μm) and jet 

radius

 Expect ~ 400-600 Hcc candidates



Hbb & Hcc Summary

When extracting Hbb, Hcc couplings, assuming SM values of HWW, HZZ couplings.



Higgs Couplings at HL-LHC + LHeC
running concurrently

forward jet

HWW

(HZZ)

(Z)

(Z)

(e)e

p

use ep as the ‘near’ detector 

for pp to beat 

 αs and PDF uncertainties 

to < ~ 0.5%, 

 δmb to 10 MeV, 

 δmc to 3 MeV

charm!

pp: PDF+αS errors 

0.5% with 

new ep input!

LHeC @1ab-1

results in 2038, concurrent with HL-LHC end 

[ ATL-PHYS-PUB-2014-016 ]
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Top Yukawa Coupling @ LHeC

[ B.Coleppa, M.Kumar, S.Kumar, B.Mellado, Phys. Lett. B 770 (2017)  335 ]

Introduce CP phase dependent top Yukawa coupling  

Total cross-section as a function of phase

with scale uncertainties

 Test also CP-odd BSM
 Observe/Exclude non-zero phase to better than 4σ with 1000 fb-1

With Zero Phase: Measure coupling κ with 17% accuracy
 work ongoing on FCC-eh prospects

Significances based on fiducial cross section

LHeC

h -> b b

t -> b lν



Double Higgs Production @ FCC-eh

[ “Probing anomalous couplings using di-Higgs production in electron-proton collisions” by Mukesh

Kumar, Xifeng Ruan, Rashidul Islam, Alan S. Cornell, Max Klein, Uta Klein, Bruce Mellado, 

Physics Letters B 764 (2017) 247-253, arXiv:1509.04016]

SM
 All other g

coefficients are 

anomalous couplings 

to the hhh, hWW and 

hhWW anomalous 

vertices

 those are 0 in SM

Introduce EFT operators



95% C.L. Exclusion Limits from σfiducial

1σ for SM hhh for Ee, 60 (120) GeV & 10 ab-1

 Limits are obtained by scanning 

one of the coefficients, while keeping 

the others couplings to their SM 

values.

Double Higgs Production @ FCC-eh
[1509.04016]
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Event Selection using h->bb

Final state: 1 fwd j + 4 b + MET

Cut-based analysis



Invisible Higgs Decay @ LHeC

e

jet

κZ: BSM w.r.t. SM HZZ coupling

 potential much 

enhanced for FCC-eh @ 

3.5 TeV & HE-LHC-eh @ 

1.8 TeV

p

e

HL-LHC with 3 ab-1 [ 1411. 7699 ]

< 3.5% @95% C.L., MVA-based

Statistical significance

[ Y.-L. Tang et al., 1508.01095 ]For LHeC, with 1ab-1, Pe=-0.9

< 6% @ 95 % C.L., Cut-based



[ Satoshi Kawaguchi, Masahiro Kuze (Tokyo Inst. of Tech.) ]

NC production of an invisible Higgs 

Invisible Higgs Decay @ FCC-eh

Final state: 1 fwd j + 1 e- + MET

Dominant Background:

W-(->e-v) j ν, Z(->νν) j e-, W+/- j e-

Delphes detector LHeC DLHeC FCC-eh

1.3 TeV 1.8 TeV 3.5 TeV

LHC-style 4.7% 3.2% 1.9%

First ‘ep-style’ 5.7% 2.6%

BR(h -> inv.) at 2σ level 

 Delphes detector level

 BDT-based analysis

http://texclip.marutank.net/#s=/begin{align*}
e^-
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
u
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
h
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
/chi^0
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
/bar{/chi^0}
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
Z
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
Z
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
u
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
e^-
/end{align*}


Exotic Higgs Decays
[ S. Liu, Y. Tang, C. Zhang, S. Zhu, 1608.08458 ]

Introducing a new real scalar ϕ with effective interaction

Final state: 1 fwd j + 4 b + MET

Parton level, 95% C.L. 

=> mϕ = 20, 40, 60 GeV, 0.3%, 0.2%, 0.1% precisions

for  

2

the Next to Minimal Supersymmetric Standard Model

(NMSSM), Higgs singlet extension of the SM, general

extended Higgssector models[6], and Lit t leHiggsMod-

els. Quite a few phenomenology studies already exist

with respect to this channel at the LHC [7,8,9,10,11],

with or without using jet substructure techniques. Due

to large QCD backgrounds in gluon fusion and vector

boson fusion channels, the LHC searches generally fo-

cus on the VH associated product ion channel. However

this channel su↵ers from large top quark backgrounds.

A recent ATLAS analysis [12] using 3.2 fb− 1 13 TeV

data made the first attempt to constrain this channel

using WH associated product ion but the sensit ivity is

current ly quite weak (even Br(h ! φφ ! 4b) = 100%

cannot be constrained assuming V = 1).

The not-so-clean hadron-hadron collision environ-

ment motivates us to consider better places to search

for thisexot ic Higgsdecay channel. Hereweconsider us-

ing the Large Hadron Electron Collider (LHeC) [13] to

explore h ! φφ ! 4b. The LHeC is a proposed lepton-

hadron collider which is designed to collide a 60 GeV

electron beam with the 7 TeV proton beam of the HL-

LHC. It is supposed to run synchronously with the HL-

LHC and may deliver an integrated luminosity as high

as 1000 fb− 1 [14]. The electron beam may have −0.9

polarizat ion [14]. It is worth not icing that with such

high collision energy and luminosity, the LHeC indeed

becomes a Higgs boson factory [14]. With Higgs boson

product ion cross sect ion of about 200 fb− 1, the LHeC

will provide amazing opportunit ies for precision Higgs

physics, due to the fact that major QCD backgrounds

will be much smaller than LHC and the complicat ion

due to pile-up will be great ly reduced. Previous stud-

ies on Higgs physics at the LHeC include measuring

bottom Yukawa coupling [15,16,13], anomalous gauge-

Higgscoupling [17,18,19], invisibleHiggsdecay [20] and

MSSM Higgsproduction [21]. Studieson charm Yukawa

measurements has been reported in [22]. The impact

of double Higgs product ion at the higher energy ep col-

lider FCC-he on Higgs-self coupling measurement has

also been studied [23,24].

Toquant itat ively estimatethesensit ivity of theLHeC

to the exot ic Higgs decay h ! φφ ! 4b, we perform

a parton level study for the signal and background in

the next sect ion. The signal definit ion depends on the

required number of b-tagged jets. Here for simplicity

and a clear ident ificat ion of signal we require tagging

at least 4 b− tagged jets. Weprovidetheexpected LHeC

sensit ivity for φmass between 15 GeV and 60 GeV and

invest igate therobustnessof our resultsunder variat ion

of b-tagging performance and pseudorapidity coverage.

We also translate our results into the expected exclu-

sion power in the parameter space of the Higgs singlet

extension of the SM. In the last section we present our

discussion and conclusion.

2 Coll ider Sensit ivity

The exot ic Higgs dacay h ! φφ ! 4b can be simply

characterized by the following e↵ect ive interact ion La-

grangian for a new real scalar degree of freedom φ,

Lef f = λhvhφ2 + λbφ̄bb+ Lφ decay,ot her (1)

In the above v = 246 GeV. λh and λb are real dimen-

sionless parameters and Lφ decay,ot her denotes the part

of Lagrangian which mediates the decay of φ into final

states other than b̄b. The part of Lagrangian Lef f −

Lφ decay,ot her has been taken as CP-even without loss

of generality. New physics may also modify hVV (V =

W, Z ) coupling which a↵ects the Higgs product ion rate

and kinematics. We assume the hVV (V = W, Z ) cou-

pling is purely CP-even. Assuming narrow width ap-

proximation is valid for both h and φ, we can express

the collider reach for h ! φφ ! 4b via the following

quant ity

C2
4b = 2

V ⇥Br(h ! φφ) ⇥Br2(φ ! b̄b) (2)

for a given value of theφ mass mφ.

There are two major Higgs product ion channels at

the LHeC: charged current (CC) and neutral current

(NC). Due to the accidentally suppressed electron NC

coupling, NC Higgs cross section is much less than that

of CC [16]. Therefore in the following we only focus

on CC process, although in a more detailed analysis

the NC process should also be included to enhance the

overall stat ist ical significance.

e− ⌫e

W−

W+

h

q q0

φ

φ

b

b̄

b

b̄

Fig. 1 Feynman diagram of the CC signal process.

The signal process of CC Higgs product ion is

eq ! ⌫ehq0 ! ⌫eφφq0 ! ⌫eb̄bb̄bq0 (3)

BDT Analysis @ FCC-eh Delphes-detctor level
[ Uta Klein, Michael o’Keefe (U of Liverpool) ]

Cut-based Analysis @ LHeC

Pe=-80%, L=1000 fb-1

Significances after BDT > 0.

Discover limits:

BR ~ 1% for 1000 fb-1

BR ~ 10% for 100 fb-1 

(within 1 year )



 LHeC/FCC-eh offers a variety of opportunities for Higgs physics

We explore the potential of SM and BSM Higgs searches

 SM Higgs

 Hbb

 Hcc

 Exploring New physics: 
 Top Yukawa coupling

 Constraining  EFT operators via di-Higgs measurements

 Invisible Higgs decay

 Exotic Higgs decay: h->ϕϕ-> 4b

 Physics potential yet to be fully exploited
 Complementary between pp, ep & ee

 More studies ongoing (Htt, HWW, HZZ, total Higgs decay width, H++, H+ ... )

 You are welcome !!!

Summary & Outlook

More details,
see [Uta Klein’s talk “FCC-eh SM and BSM Higgs Studies” in the FCC week 2017,

https://indico.cern.ch/event/556692/contributions/2510778/attachments/1468874/2272276/F

CC_Berlin_UKlein_01.06.2017.pdf ]

https://indico.cern.ch/event/556692/contributions/2510778/attachments/1468874/2272276/FCC_Berlin_UKlein_01.06.2017.pdf


Thank  you  for  your  

attention !

Any  Questions ?



HFL Tagging

Beauty

60 %

Charm

30 %

 Realistic and conservative 

HFL tagging within Delphes

realised, and dependence 

on vertex resolution 

(nominal 10 μm) and anti-

kt jet radius studied

 Light jet rejection very 

conservative, i.e. factor 10 

worse than ATLAS

 Used in full LHeC

analysis and for FCC-eh 

extrapolations

[ Uta Klein & Daniel Hampson ]

Backup Slides



Higgs w/o HFL tagging



BDT Result for Hcc @ LHeC
[ Uta Klein & Daniel Hampson ]

NEW : Using R = 0.5 anti-kt jets and ATLAS IBL vertex resolution (5 μm )

 Hcc candidates increased by factor 3.5 w.r.t. R=0.9 anti-kt jets 

BDT cut > 0.2

 Hcc Signal events: ~ 474 

 S/√S+B=12.8

=> κ(Hcc) = 4% for 1000 fb-1 

 Clear potential to access the Higgs 

to charm decay channel in ep.



Exploring SM EFT
[ M. Trott @ LHeC Workshop 2014

http://lhec.web.cern.ch ]

 59 operators or 2499 

parameters 

experimentally to 

constraint!

where nearly 50% of 

the  parameters (1053) 

are sensitive to lepton-

quark interactions – not 

just about lepto-quarks

http://lhec.web.cern.ch


Effective vertices

1,2,3= 

h,h,h

1,2,3 = 

h,W-,W+

1,2,3,4 =

h,h,W-,W+

Note the dependence on momenta in non-SM vertices. 

This induces significant impact on scattering kinematics. 

[1509.04016]

FCC-eh SM(Pe=-0.8) σ(HH)=430 ab in VBF !



[1509.04016]

Delphes detector-level 

Double Higgs Production @ FCC-eh

Event Selection using h->bb

1 fwd j + 4 b + MET

Assumptions:

Pe=-0.8, anti-kt jets with R=0.4 ;

b-tagging efficiency for |η| < 5 ~ 70%,

misidentification rate ~ 10% for charm and 1% for light quarks /gluons .



Azimuthal Angle Distributions [1509.04016]

between missing transverse energy and forward jet,  at Delphes detector-level,

including background : bbbbj, bbjjj, Z(bb)h(bb)j,  ttj, h(bb)bbj

 For signal, we consider hh bbbb decays motivated by hbb studies.

 normalized DIS cross sections (kinematical distributions) are sensitive to non-

BSM vertices

 initial study published for this novel variable

 potential for a deeper analysis and interpretation 



Limits on Di-Boson & Di-Higgs Interactions
[S. Kuday, H. Saygin, I. Hos, F. Cetin, 1702.00185]

highly 

suppress

ed

dominant graphs

 Vertices for Neutral Current DIS (Z, γ) and Photoproduction (γ) studied in Higgs 

Effective Langrangian Model : parametrise hhZZ and hhγγ in 4-point 

interactions in terms of CP-even and CP-odd Wilson coefficients (and Higgs self 

coupling and Yukawa coupling)

 Study at Delphes-detector level (FCC-hh) azimuthal dependencies between 

scattered lepton and forward jet  

 hh : 4b final states investigated using a very first version of FCC-hh detector

 Promising sensitivity found while scanning parameter space for Wilson 

coefficients

Double Higgs Production @ FCC-eh



Dominant Background

W+je- and W-je- backgrounds and 

background background

1 electron

1 jet

1 electron

1 jet

[ Satoshi Kawaguchi, Masahiro Kuze (Tokyo Inst. of Tech.) ]

ET, miss

ET, miss

Invisible Higgs Decay @ FCC-eh

http://texclip.marutank.net/#s=/begin{align*}
p+e^-/rightarrow W^-+j+/nu_e
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
W^-/rightarrow e^-+/nu_e
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
p+e^-/rightarrow Z+j+e^-
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
Z/rightarrow /nu +/bar{/nu}
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
e^-
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
e^-
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
W^-
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
/bar{/nu_e}
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
/bar{/nu_e}
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
/nu_e
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
/gamma
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
u
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
u
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
u
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
e^-
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
e^-
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
/gamma
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
Z
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
/nu_e
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
/bar{/nu_e}
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
u
/end{align*}
http://texclip.marutank.net/#s=/begin{align*}
u
/end{align*}


Selection Requirements

e e

p jet

Basic cuts (Cut 0)

 N(jets) for the jet and the electron

 pT for the leading jet and the leading electron

 for the leading jet and the leading electron

 for the leading jet and the leading electron

Cut 1 : |Δφjet,Etmiss| > 1 rad
Cut 2 :  Etmiss > 50 GeV
Cut 3 : ηjet-ηe> 3
Cut 4 : φjet – φe < 2.4
Cut 5 : -1.3 < ηe< 1.1
Cut 6 : 0.08 < ye < 0.55
Cut 7 : require 1 electron, 1 jet,

and veto tau’s and muons

E
v
e
n
ts

/
1
a
b

-1

ηjet-ηe

[ Satoshi Kawaguchi, Masahiro Kuze (Tokyo Inst. of Tech.) ]

Invisible Higgs Decay @ FCC-eh



Results 

MVA (BDT) using samples with 1 jet and 1e- with high pT

other variables as a BDT input.

BDT > Signal Bkg Z[%]

0 31961 267904 3.25

0.05 29932 176439 2.81

0.1 25686 94138 2.40

0.15 19898 42439 2.08

0.2 13020 15562 1.93

0.25 6998 4969 2.04

0.3 2320 1003 2.82

Branching ratio calculated by  :

In the case of 2σ

[ Satoshi Kawaguchi, Masahiro Kuze (Tokyo Inst. of Tech.) ]

Invisible Higgs Decay @ FCC-eh

BR(h -> inv.) ~ 1.93% 



Δφ between b quarks in 

the scalar (parton level)

 use Δη<2 for finding two 

scalars with mass within 2mb and 

mH/2 looping over N jets 

minimising Δm

Δη between b quarks in 

the scalar (parton level)

[ Uta Klein, Michael o’Keefe (U of Liverpool) ]

Kinematics @ Quark-level

Exotic Higg Decay @ FCC-eh



Exotic Higg Decay @ FCC-eh
[ Uta Klein, Michael o’Keefe (U of Liverpool) ]

FCC-eh @ 3.5TeV

DLHeC @ 1.8 TeV

LHeC @ 1.3 TeV

 reflecting coupling of new scalar to 125 GeV higgs

MG5 UFO Models from [ 1608.08458 ]

Values for Pe=0



Typical background processes  and assumptions about b-tagging for cut-based 

study

Background for H->bb


