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• The futures electron-proton colliders (LHeC, FCC-eh) and their 
goals.

• LHeC (FCC-he) vs. LHC, ee colliders and FCC-hh.

• Higgs physics BSM at LHeC and FCC-he. 

• 2HDM-III as BSM: model with a four-zero Yukawa texture that 
controls the FCNC.

• Some interesting channels decays at tree level: H,h,A → bs,𝛕μ, H+ 
—> cb, ts,  decays are sensitive to the pattern of  Yukawa texture. 

• We show  the production e p→q(h,H)νe with flavor violating decays 
of the Higgs bosons (h,H): cross sections, some distributions and 
cuts.

• We also present the production e- p —> q nu H-, considering  H-  
—> c b  

Outline
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electrons for eh : ERL-e + FCC-hh [LHC]
! Two 802 MHz Electron LINACs + 2x3 return arcs: using energy recovery in same structure: sustainable technology with 

power consumption < 100 MW   instead of 1 GW for a conventional LINAC.
! Beam dump: no radioactive waste! 
! high electron polarisation of 80-90%

! ep peak lumi 1034 cm s-2 s-1 (based on existing HL-LHC design)

! Operation scenario: F. Bodry et al. CERN-ACC-2018-0037 [arXiv:1810.13022]

! LHeC [FCC-eh]  L= 1000 [2000] fb-1 total collected in 10 [20] years 
! ‘No’ pile-up: <0.1@LHeC;  ~1@FCCeh 

HL-LHC

IP
ERL-e

Concurrent eh and hh operation with 
same running time!

Genuine Twin Collider idea holds for 
LHC and FCC-hh.

√s=1.3 [3.5] TeV
Ee = 60 GeV

Ep =  7 [50] TeV

ERL design  detailed in LHeC CDR: J. Phys. G: Nucl. Part. Phys. 39 (2012) 075001  [arXiv:1206.2913] and CDR update CERN-ACC-Note-2020-0002
[arXiv:2007.14491] and submitted to J. Phys. G à see Talk #729 by B Holzer & Talk #730 about ERL Facility at Orsay

Uta Klein, 29.07.22 (Talk at ICHEP 2020, Prague)    
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compactness, tapered double-helix or cantered cosine theta
(CCT) magnets [70], which rely on the direct-winding
technology [15], will be used.

The EIC will be realized over the next decade. RHIC
operations will continue until 2025 and the EIC construction
will begin soon thereafter. Anticipated EIC completion is planned
between 2031 and 2033 [71]. While the SHC hardware and efforts
for its initial commissioning are included in the EIC project
scope, it is expected that the full performance of SHC and of the
EIC will be reached several years after project completion.

5 LHEC

The LHeC proposal aims at maximizing the infrastructure
investment of the LHC collider and to expand its physics
program by establishing collisions between electrons from a new
accelerator infrastructure with one of the hadron beams from the
LHCmachine [5, 21]. The proposal aims at devising a scheme where

electron hadron collisions are generated parasitically to the nominal
LHC physics programwithout changing the baseline operationmode
of the LHC. Initial studies looked at both options of a ring-ring based
and a linac-ring based implementation and concluded that a linac-
ring based collider scheme had the higher performance potential and
implied a smaller impact on the nominal LHC infrastructure and
operation as compared to a ring-ring based scheme. A concept with
an electron accelerator external to the LHC tunnel further provides a
modular design concept that can equally and easily be applied to
other circular hadron collider options, such as the HE-LHC [72] and
the FCC hadron-hadron collider (FCC-hh) [73]. Considering further
the energy efficiency of an ERL based linac-ring collider over a
conventional linac-ring scheme, the ERL based linac-ring design was
adopted as the baseline concept for the LHeC proposal.

The initial LHeC design assumed two superconducting linear
accelerators, each being capable of an acceleration of 10 GeV, and
three accelerating and three decelerating passages through both
linacs for the electron beam. This leads to a racetrack layout of the
electron accelerator with a total circumference of ca. 9 km and a

FIGURE 2 | (A) Layout options and footprint of the LHeC in the Geneva basin next to the Geneva airport and CERN. The yellow racetrack corresponds to the LHeC
layout that offers optimal performance; in orange, two size variations explored for cost optimization. For reference, the light blue circle depicts the existing tunnel of the
LHC; the dark blue circle is the SPS. (B) 3D schematic showing the underground tunnel arrangement. The grey sections indicate the existing SPS and LHC tunnel
infrastructures and the yellow section the new LHeC installation.

TABLE 1 | The LHeC performance levels during different operation modes.

Parameter Unit Run5 period Run6 period Dedicated

Brightness Np/(γϵp) 1017m−1 2.2/2.5 2.2/2.5 2.2/2.5
Electron beam current mA 15 25 50?
Proton β* m 0.1 0.07 0.07
Peak Luminosity 1034 cm−2 s−1 0.5 1.2 2.4
Proton beam lifetime h 16.7 16.7 100
Fill duration h 11.7 11.7 21
Turnaround time h 4 4 3
Overall efficiency % 54 54 60
Physics time/year days 160 180 185
Annual integrated luminosity fb−1 20 50 180

Frontiers in Physics | www.frontiersin.org April 2022 | Volume 10 | Article 8864736

Brüning et al. Electron-Hadron Colliders

Brüning O, Seryi A and Verdú-Andrés S (2022) Electron- Hadron Colliders: EIC, LHeC and FCC- eh. Front. Phys. 10:886473.  

This machine could be start around 2032
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maximum electron beam energy of 60 GeV. After the three
acceleration passages, the beam is brought into collision with
one of the LHC hadron beams before the electron beam enters
again the linacs for deceleration. The racetrack shaped electron

accelerator can therefore lie tangentially to the existing LHC
machine. This layout facilitates the construction of the lepton
ERL as the construction can take place largely decoupled from the
LHC operation.

TABLE 2 | Parameter comparison for past and designed electron-hadron colliders. The EIC, LHeC and FCC-eh also include an electron-ion program. Additional parameters
can be found in Refs. 5, 8, 58, and 73.

HERA EIC LHeC FCC-eh

Host site DESY BNL CERN CERN
Layout ring-ring ring-ring ERL linac-ring ERL linac-ring
Circumference hadron/lepton (km) 6.3/6.3 3.8/3.8 26.7/[5.3–8.9] 100/[5.3–8.9]
Number of IRs/IPs 4/2 6/1–2 1 1

Max. CM energy (TeV) 0.32 0.14 1.2 3.5
Crossing angle (mrad) 0 22 0 0
Max. peak luminosity (cm−2 s−1) 5 × 1031 1 × 1034 2.3 × 1034 1.5 × 1034

Lepton Electrons, positrons Electrons Electrons Electrons
polarized polarized unpolarized unpolarized

Max. average current (A) 0.058 2.5 0.02 0.02
Max. SR power (MW) 7.2 10 45 45
Main RF frequency (MHz) 500 591 802 802
No. main RF cavities/cryomodules 28 17–18/9–18 448/112 448/112
No. crab RF cavities – 2 – –

Hadron Protons Protons Protons Protons
unpolarized polarized unpolarized unpolarized

Max. average current (A) 0.163 1.0 1.1 1.1
Main RF frequency (MHz) 208 591 400 400
No. crab RF cavities/cryomodules – 12/6 8/4 8/4
No. ERL RF cavities – 13 – –

FIGURE 3 | FCC-eh layout and underground structures of the FCC-eh. (A) The FCC-eh layout next to the FCC and LHC infrastructures. The yellow lines indicate
the ERL of the FCC-eh, the light red lines the FCC installation and the dark red the existing LHC tunnel. (B) Schematic layout of the ERL underground structures for the
FCC-eh.

Frontiers in Physics | www.frontiersin.org April 2022 | Volume 10 | Article 8864737

Brüning et al. Electron-Hadron Colliders

FCC-ee could be start around 2037/2045
FCC-hh around 2070’s 

FCC Collaboration CDR Volumen 1-4
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•Scale dependencies of the LO calculations are in the range 
of 5-10%. Tests done with MG5 and CompHep.
• NLO QCD corrections are small, but shape distortions of 
kinematic distributions up to 20%. QED corrections up to -
5%.

[J. Blumlein, G.J. van Oldenborgh , R. Ruckl, Nucl.Phys.B395:35-
59,1993] 
[B.Jager, arXiv:1001.3789] 

SM Higgs Production in ep

ETmissERL electrons à

protons à Fwd jet

WWH 

ERL electrons à

protons à Fwd jet

FS electron

ZZH

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

c.m.s. energy 1.3 TeV
LHeC

3.5 TeV
FCC-eh

CC DIS
NC DIS 

109
21

560
127

P=-80%
CC DIS 
NC DIS

196
25

1008
148

Total cross section [fb]
(LO QCD CTEQ6L1 MH=125 GeV)
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e� e�

�/Z

b

b̄

Higgs in LHeC 3
Signal

Charged current (CC) H->bb (0.063 pb)

Background

Single top production (0.43 pb)CC Z production (0.29 pb)

Neutral current (NC) H->bb (0.012 pb)

• CC: H->bb process is chosen as the signal because the cross section is larger than  
NC: H->bb process and NC rejection cut decreases large number of NC BG.

NC multi jets
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Result 9
• Mass reconstructed with 1st and 2nd minimum η b-jets.  
• Signal region is defined as [100,130] GeV.

Signal H->bb 119±2
CCjjj no top 9±3
CC single top 17±2

CC Z 7±1
NC Z 0
PAjjj 73±17

CCbkg total 33±4
NCbkg total 73±17

• We can detect H->bb signal in good efficiency. 
• Peak around 80 GeV is Z boson from CC background. 
• PAjjj background has large statistical error due to small statistics. 
• Electron tagging of Photo-production events could further suppress BG 

under peak.

Events in signal region

S/√B = 11.5

100 fb-1

- Errors are weighted

https://indico.cern.ch/event/356714/contributions/844945/attachments/709283/973691/Updates_on_Hbb_studies.pdf

Masahiro Tanaka, Masahiro Kuze, Masaki Ishitsuka (Tokyo Institute of Technology)
Uta Klein (Liverpool University)
25 June 2015, LHeC Workshop 2015 @CERN and Chavannes-de-Bogis

8

https://indico.cern.ch/event/356714/contributions/844945/attachments/709283/973691/Updates_on_Hbb_studies.pdf
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Analysis Framework and Detector*
n Calculate cross section with tree-level Feynman diagrams 

(any UFO) using pT of scattered quark as scale (CDR ŝ ) for 

ep processes with MadGraph5 ; parton-level x-check 

CompHep

n Fragmentation & hadronisation uses ep-customised Pythia. 

n Delphes ‘detector’ 
àdisplaced vertices and  signed impact parameter 
distributions à studied for LHeC and FCC-eh SM Higgs;  and 

for extrapolations [PGS for CDR and until 2014]

n ‘Standard’ GPD LHC-style detectors used and further 

studied based on optimising Higgs measurements, i.e. 

vertex resolution a la ATLAS IBL, excellent hadronic and 

elmag resolutions using ‘best’ state-of-the art detector 

technologies (no R&D ‘needed’)

n Analysis requirements fed back to ep detector design

Event generation

by MadGraph5/MadEvent

• SM or BSM production
• CC & NC DIS background

• Fragmentation
• Hadronization

Fast detector simulation
by Delphes
à test of LHeC detector

S/B analysis à cuts or BDT * See page 11 for ep Pythia checks 
https://indico.cern.ch/event/278903/contributions/631181/attachments/510303/704309/Chavannes_U
KLein_20.01.2014.pdf

by PYTHIA (modified for ep)*

*See Talk #737 by Y Yamazaki
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Higgs in ep – clean S/B, no pile-up

& Izzy Harris BSc 2017

2% PHP
and 2%
other bgd

0.8%

à further improvements using BDT

Assuming background in 
control regions understood to 
2% and negligible MC statistics 
for background in signal 
region; SM Higgs bb 
contribution in cc controlled 
by genuine Hbb measurement 
and b and c-jet correlation,
see e.g. methodology ILC Hcc
study arXiv: 0909.1052
[ILC Zqq-Hcc study  got 8.8% for 
Hcc signal strength for MH=120 
GeV !pol(Hcc)=6.9 fb with similar 
Hcc, Hbb event numbers but factor 
6.8 higher SM background than 
LHeC]
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Chen	Zhan	12.4.16	(talk	at	annual	FCC	week	2016,	Rome)	
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Top Yukawa Coupling @ LHeC
B.Coleppa, M.Kumar, S.Kumar, B.Mellado, PLB770 (2017) 335 
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BSM: Introduce phases of top-Higgs and bottom-Higgs couplings  

Enhancement of the DIS cross-section as a function of 
phase

Observe/Exclude non-zero phase to better than 4σ 
è With Zero Phase: Measure ttH coupling with 17% accuracy at LHeC è extrapolation to FCC-eh:  ttH to 1.7%
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CP odd
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Branching for invisible Higgs

ü Uses ZZH fusion process to estimate prospects of Higgs to invisible decay using standard cut/BDT analysis 
techniques 

ü Full MG5+Delphes analyses, done for 3 c.m.s. energies à very encouraging for a measurement of the 
branching of  Higgs to invisible in ep down to 5% [1.2%]  for 1 [2] ab-1 for LHeC [FCC-eh]

ü A lot of checks done: We also checked LHeC ßà FCC-he scaling with the corresponding cross sections (* results in table) : 
Downscaling FCC-he simulation results to LHeC would give 4.5%, while up-scaling of LHeC simulation to FCC-he would result in 2.1% è
all well within uncertainties of projections of ~25%

è further detector and analysis details have certainly an impact on results à enhance potential further 

Values given in case of 2σ and L=1 ab-1 

e e

p jet

ep:ZZH

LHeC parton-level, cut based <6% [Y.-L.Tang et al. arXiv: 1508.01095]

Satoshi Kawaguchi, 
Masahiro Kuze
Tokyo Tech

Delphes
detectors

LHeC [HE-LHeC]
1.3      [1.8  TeV]

FCC-eh 
3.5 TeV

LHC-style 4.7%   [3.2%] 1.9%

First ‘ep-style’ 5.7% 2.6%

+BDT Optimisation 5.5% (4.5%*) 1.7% (2.1%*)

PORTAL to Dark Matter ?
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VBF Higgs production: e-p vs p-p  

6/24/2015 Monica D'Onofrio, LHeC Workshop, CERN/Chavannes 

!  Higgs production in ep 
comes uniquely from either 
CC or NC  
!  Pile-up in e-p at 1034 = 0.1 
!  Clean(er) bb final state, S/B 

~ 1  
! Clean, precise 
reconstruction and easy 
distinction of ZZH and WWH  

!  Higgs production in pp 
comes predominantly from 
gg!H  
!  VBF cross section about 200 

fb (about as large as at the 
ILC).  

!  Pile-up in pp at 5 x 1034 is 
150, S/B very small for bb  

!  Precision needs accurate 
PDFs  

21 

VBF Higgs Production in ep (top)  

                                                           and pp (bottom) 

Uta$Klein,$Higgs$in$ep$ 6 

OR$

Z$

Z$

e$ Higgs$produc<on$in$ep$comes$
uniquely$from$either$CC$or$NC$
$
Pile4up$in$ep$at$1034$is$0.1,$25ns$
Clean(er)$bb$final$state,$S/B$~$1$
e4h$Cross$Calibra<on$"$Precision$
$$$$$$$$$$$$$$$$$$$$$$$$$$ep:$
Clean,$precise$reconstruc<on$and$
easy$dis<nc<on$of$WWZ$and$WWH$

Higgs$produc<on$in$pp$comes$
predominantly$from$gg"$H$
$
VBF$cross$sec<on$about$200_$
(about$as$large$as$$at$the$LHeC).$
$
Pile4up$in$pp$at$5$1034$is$150,$25ns$
$S/B$$very$small$for$bb$
$
Precision$needs$accurate$PDFs$

ep 

pp 

The background is reduced a lot 
In the 2HDM;  H= h0, H0

For H0 the coupling VVH0  is proportional to Cos(β-α) and VVh0 to Sin(β-α)

BSM:  channel h—> sb  e. g.  Cases in 2HDM-III

s s
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Further BSM Higgs Studies 
Example:	Charged	Higgs	
•  !±,	in	Vector	Boson	Scattering	
					[Georges	Azuelos,	Hao	Sun,	and	Kechen	Wang,	1712.07505	]	

•  	!±±,	in	Vector	Boson	Scattering		
					[H.	Sun,	X.	Luo,	W.	Wei	and	T.	Liu,	Phys.	Rev.	D	96,	095003	(2017)	]	

•  !+,	in	2HDM	type	III,	"	#	→	$%!	→	$%	&'	
				[J.	Hernández-Sánchez	et	al.,	1612.06316]	

	
	

	
(see	also	talk	by	K.	Wang	at	2nd	FCC	Physics	Week,	Jan	2018)	

25 
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Production of H+ in ep collider

We focus in H+ —> cb, in 2HDM-III (also in MHDM) could be relevant

BR (H+ —> cb)  ~  0.9 in 2HDM-III
                     ~0.8 in MHDM  (A. Akeroyd, S. Moretti and J. Hernandez-Sanchez, PRD  

85, 115002 (2012)) . 

16
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Higgs in ee vs ep
ee Dominant Higgs productions:

ep:CC DIS WW Fusion

ep: NC DIS ZZ Fusion

ep vs ee- Higgs cross sections
103

35001300

HZZ 148 fb

HWW 1pb

ep

ep

CLIC 350 1.4 TeV 3 TeV 3.5 TeV

ep:HWW

ep: HZZILC/FCCee
HZZ

ee

HZZ

ee

FCC-eh
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• Current data (LEP/LHC) sensitive to NP in EW (Higgs)  ≾1% (~10%) 

• FCC can largely improve our knowledge of the EW/Higgs sectors. As 
with current data, no single machine can do all the work…  

• Apart from a strong EW/Higgs program, FCC-ee is also fundamental 
to maximize the physics output of the FCC-eh/hh 

Jorge de Blas 
INFN - University of Padova

11th FCC-ee workshop: Theory and Experiments 
CERN, Jan 9, 2019

Summary

FCC-hh
Z-pole: EW precision 

WW threshold: EW 

Higgs: General 

Ztt: EW Top couplings

Higgs: Rare decays

Higgs: Top coupling

Higgs: Self-coupling

High q2

EW bosons Higgs properties

Higgs: General 

EWPO: first quark families

PDFs
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BSM: Some arguments o motivations 2HDM-III
The 2HDM-II could be transformed into 2HDM-III through the loops-effects  of 
sfermions and gauginos
Andreas Crivellin, Phys.Rev. D83 (2011) 056001

In models with more than one Higgs doublet the MFV case is more stable in 
suppressing FCNCs than the hypothesis of NFC when the quantum 
corrections are taken into account.
A.J. Buras, M.V. Carlucci, S. Gori and G. Isidori, Higgs-mediated FCNCs: Natural Flavour
Conservation vs. Minimal Flavour Violation , JHEP 10 (2010) 009  [arXiv:1005.5310 ].

Similar phenomenology in MHDM with flavor symmetries (Nearest-Neighbor-
Interaction texture)
G. C. Branco, L. Lavoura and F. Mota, Phys. Rev. D 39, 3443 (1989)
Alfredo Aranda, Cesar Bonilla, J.Lorenzo Diaz-Cruz.  Phys.Lett. B717 (2012) 248-251  

2HDMs is studied in renormalization group evolution of the Yukawa couplings and 
the cases when the Z2-symmetry is broken, called non-diagonal
models.
 J. Bijnens, J. Lu and J. Rathsman, Constraining General Two Higgs Doublet Models by the Evolution 
of Yukawa Couplings , JHEP 05 (2012) 118
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The first term, proportional to ! i j , corresponds to the modi-
fication of the THDM-II over the SM result, while the term
proportional to Ỹ 2

l denotes the new contribution from the
THDM-III. Thus, the fermion–Higgs-boson couplings re-
spect CP invariance, despite the fact that the Yukawa matri-
ces include complex phases; this follows because of the Her-
miticity conditions imposed on both Y 1

l and Y 2
l .

The corrections to the lepton flavor conserving "LFC# and
flavor violating couplings depend on the rotated matrix

Ỹ 2
l !OTPY 2

l P†O . We shall evaluate Ỹ 2
l by assuming that Y 2

l

has a four-texture form, namely,

Y 2
l !! 0 C2 0

C2* B̃2 B2
0 B2* A2

" , #A2#"#B̃2#,#B2#,#C2#. "5#

The matrix that diagonalizes the real matrix M̃ l with the
four-texture form is given by

O!! ! $2$3"A#$1#

A"$2#$1#"$3#$1#
%! $1$3"$2#A #

A"$2#$1#"$3#$2#
! $1$2"A#$3#

A"$3#$1#"$3#$2#

#%! $1"$1#A #

"$2#$1#"$3#$1#
! $2"A#$2#

"$2#$1#"$3#$2#
! $3"$3#A #

"$3#$1#"$3#$2#

%! $1"A#$2#"A#$3#

A"$2#$1#"$3#$1#
#! $2"A#$1#"$3#A #

A"$2#$1#"$3#$2#
! $3"A#$1#"A#$2#

A"$3#$1#"$3#$2#

" ,
where me!m1!#$1#,m&!m2!#$2#,m'!m3!#$3#,%
!$2 /m2.
Then the rotated form Ỹ 2

l has the general form

Ỹ 2
l !OTPY 2

l P†O

!! Ỹ 211
l Ỹ 212

l Ỹ 213
l

Ỹ 221
l Ỹ 222

l Ỹ 223
l

Ỹ 231
l Ỹ 232

l Ỹ 233
l
" . "6#

However, the full expressions for the resulting elements
have a complicated form, as can be appreciated, for instance,
by looking at the element (Ỹ 2

l )22 , which is displayed here:

" Ỹ 2#22
l !%(C2*ei)C$C2e#i)C*

"A#$2#

m3#$2
!m1m3

Am2

$B̃2
A#$2
m3#$2

$A2
A#$2
m3#$2

#(B2*ei)B$B2e#i)B*!"A#$2#"m3#A #

m3#$2
,

"7#

where we have taken the limits #A#,m' ,m&"me . The free
parameters are B 2̃,B2 ,A2 ,A .
To derive a better suited approximation, we shall consider

the elements of the Yukawa matrix Y 2
l as having the same

hierarchy as the full mass matrix, namely,

C2!c2!m1m2m3

A , "8#

B2!b2!"A#$2#"m3#A #, "9#

B̃2! b̃2"m3#A$$2#, "10#

A2!a2A . "11#

Then, in order to keep the same hierarchy for the elements
of the mass matrix, we find that A must fall within the inter-
val (m3#m2)+A+m3. Thus, we propose the following re-
lation for A:

A!m3"1#,z #, "12#

where z!m2 /m3%1 and 0+,+1.
Then we introduce the matrix -̃ as follows:

" Ỹ 2
l # i j!

!mim j

v
-̃ i j

!
!mim j

v
- i je. i j, "13#

which differs from the usual Cheng-Sher ansatz not only
because of the appearance of the complex phases, but also in
the form of the real parts - i j!#-̃ i j#.
Expanding in powers of z, one finds that the elements of

the matrix -̃ have the following general expressions:
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l Ỹ 213
l
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Yukawa textures

The structure of quarks mass matrices (quark flavor mixing) is 
unknown.

A theory more fundamental than SM could determine:
6 quark masses, 3 flavor mixing angles, one CP-violating phase.

Phenomenologically, it has introduced a common approach: 
simple textures of quarks mass matrices (called Yukawa textures).

The Yukawa textures are consistents with the relations between quarks 
masses and flavor mixing parameters.

Yukawa textures could come of a theory more fundamental and it 
could be a flavor symmetry.

H. Fritzsch, Z. Z. Xing, Prog.Part. Nucl. Phys. 45 (2000)1.
H. Fritzsch, Z. Z. Xing, Phys. Lett. 555 (2003)63.
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are to be bounded by current experimental constraints. Thus, in order to derive the interactions of the charged Higgs
boson, the Yukawa Lagrangian is written as follows:

�LY = Y u
1 Q̄L⇥̃1uR + Y u

2 Q̄L⇥̃2uR + Y d
1 Q̄L⇥1dR + Y d

2 Q̄L⇥2dR + Y ⇥
1 L̄L⇥1lR + Y ⇥

2 L̄L⇥2lR; (1)

where ⇥1,2 = (⇤+
1,2,⇤

0
1,2)

T refer to the two Higgs doublets, ⇥̃1,2 = i⇥2⇥⇥
1,2, QL denotes the left-handed fermions

doublet, uR and dR are the right-handed fermions singlets and, finally, Y u,d
1,2 denote the (3 ⇥ 3) Yukawa matrices.

Similarly, one can see the corresponding left-handed fermion doublet LL, the right-handed fermion singlet lR and the
Yukawa matrices Y ⇥

1,2 for leptons.
After SSB (Spontaneous Symmetry Breaking), one can derive the fermion mass matrices from eq. (1), namely

Mf =
1⇧
2
(v1Y

f
1 + v2Y

f
2 ), f = u, d, l, (2)

We will assume that both Yukawa matrices Y f
1 and Y f

2 have the four-texture form and Hermitic [22, 26]. Following
this convention, the fermions masses matrices have the same form, which are written as:

Mf =

�

⇤
0 Cf 0
C⇥

f B̃f Bf

0 B⇥
f Af

⇥

⌅ . (3)

when B̃q ⌅ 0 one recovers the six-texture form. We also consider the hierarchy: | Aq |⇤ | B̃q |, | Bq |, | Cq |, which is
supported by the observed fermion masses in the SM.

The mass matrix is diagonalized through the bi-unitary matrices VL,R, though each Yukawa matrices are not
diagonalized by this transformation. The diagonalization is performed in the following way

M̄f = V †
fLMfVfR. (4)

The fact that Mf is hermitian, under the considerations given above, directly implies that VfL = VfR, and the
mass eigenstates for the fermions are given by

u = V †
uu

⇤ d = V †
d d

⇤ l = V †
l l

⇤. (5)

Then eq. (2) in this basis takes the form

M̄f =
1⇧
2
(v1Ỹ

f
1 + v2Ỹ

f
2 ) (6)

where Ỹ f
i = V †

fLY
f
i VfR. In order to compare the new physics comes from Yukawa texture with some traditional 2HDM

(in particular with 2HDM-II), in previous works [22, 23, 28–30], we have implemented the following redefinition ((a)
like-2HDM-II):

Ỹ d
1 =

⇧
2

v cos�
M̄d � tan�Ỹ d

2

Ỹ u
2 =

⇧
2

v sin�
M̄u � cot�Ỹ u

1

Ỹ ⇥
1 = Ỹ d

1 (d ⌅ ⌅) (7)

This, redefinition is convenient because we can get the coupling Higgs-fermion-fermion as gff�2HDM�III = gff�2HDM�II +

�gff�, where gff�2HDM�II is the coupling in the 2HDM-II and �gff� is the contribution of four-zero texture, which
comes some flavor theory. If �gff� ⌅ 0 we can recover the 2HDM-II. However, this redefinition is not unique, there
are other possibilities since eq. 6, which can reproduce the 2HDM-I, 2HDM-X or 2HDM-Y when the contribution of
new physics �gff� ⌅ 0. The other possible redefinitions are:
(b) like-2HDM-I

Ỹ d
2 =

⇧
2

v sin�
M̄d � cot�Ỹ d

1

Ỹ u
2 =

⇧
2

v sin�
M̄u � cot�Ỹ u

1

Ỹ ⇥
2 = Ỹ d

2 (d ⌅ ⌅) (8)
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Ỹ ⇥
1 = Ỹ d
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f
1 + v2Ỹ
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Ỹ u
2 =

⇧
2

v sin�
M̄u � cot�Ỹ u
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Mass matrix ansatz and lepton flavor violation in the two-Higgs doublet model-III
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and Facultad de Ciencias Fı́sico-Matemáticas, BUAP, Apdo. Postal 1364, C.P. 72000 Puebla, Pue., Mexico

R. Noriega-Papaqui
Instituto de Fı́sica, BUAP, Apdo. Postal J-48, Col. San Manuel, C.P. 72570 Puebla, Pue., Mexico

A. Rosado
Cuerpo Académico de Partı́culas, Campos y Relatividad de la Benemérita Universidad Autónoma de Puebla, Apdo. Postal 1364,
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Predictive Higgs-boson–fermion couplings can be obtained when a specific texture for the fermion mass
matrices is included in the general two-Higgs doublet model. We derive the form of these couplings in the
charged lepton sector using a Hermitian mass matrix ansatz with four-texture zeros. The presence of uncon-
strained phases in the vertices # il il j modifies the pattern of flavor-violating Higgs boson interactions. Bounds
on the model parameters are obtained from present limits on rare lepton flavor-violating processes, which could
be extended further by the search for the decay $→%%% and %-e conversion at future experiments. The signal
from Higgs boson decays # i→$% could be searched for at the CERN Large Hadron Collider, while e-%
transitions could produce a detectable signal at a future e% collider, through the reaction e!%"→h0

→$!$".

DOI: 10.1103/PhysRevD.69.095002 PACS number!s": 12.60.Fr, 12.15.Mm, 14.80.Cp

I. INTRODUCTION

After many years of the success of the standard model
!SM", the Higgs mechanism is still the least tested sector,
and the problem of electroweak symmetry breaking !EWSB"
remains almost as open as ever. However, the analysis of
radiative corrections within the SM &1' points toward the
existence of a light Higgs boson, which could be detected in
the early stages of the CERN Large Hadron Collider !LHC"
&2'. On the other hand, the SM is often considered as an
effective theory, valid up to an energy scale of O(TeV), and
eventually it will be replaced by a more fundamental theory,
which will explain, among other things, the physics behind
EWSB and perhaps even the origin of flavor. Several ex-
amples of candidate theories, which range from supersym-
metry &3' to deconstruction &4', include a Higgs sector with
two scalar doublets, which has a rich structure and predicts
interesting phenomenology &5'. The general two-Higgs dou-
blet model !THDM" has a potential problem with flavor
changing neutral currents !FCNC’s" mediated by the Higgs
bosons, which arises when each quark type (u and d) is
allowed to couple to both Higgs doublets, and FCNC’s could
be induced at large rates that may jeopardize the model. The
possible solutions to this problem of the THDM involve an
assumption about the Yukawa structure of the model. To dis-
cuss them it is convenient to refer to the Yukawa Lagrangian,
which is written for the quark fields as follows:

LY#Y 1
uQ̄L(1uR!Y 2

uQ̄L(2uR!Y 1
dQ̄L(1dR!Y 2

dQ̄L(2dR ,
!1"

where (1,2#(#1,2
! ,#1,2

0 )T denote the Higgs doublets. The
specific choices for the Yukawa matrices Y 1,2

q (q#u ,d) de-
fine the versions of the THDM known as I, II, and III, which
involve the following mechanisms, that are aimed either to
eliminate the otherwise unbearable FCNC problem or at least
to keep it under control.

!1" Discrete symmetries. A discrete symmetry can be in-
voked to allow a given fermion type (u or d quarks, for
instance" to couple to a single Higgs doublet, and in such
case FCNC’s are absent at the tree level. In particular, when
a single Higgs field gives masses to both types of quarks
!either Y 1

u#Y 1
d#0 or Y 2

u#Y 2
d#0), the resulting model is

referred as THDM-I. On the other hand, when each type of
quark couples to a different Higgs doublet !either Y 1

u#Y 2
d

#0 or Y 2
u#Y 1

d#0), the model is known as the THDM-II.
This THDM-II pattern is highly motivated because it arises
at the tree level in the minimal supersymmetry !SUSY" ex-
tension for the SM !MSSM" &5'.

!2" Radiative suppression. When each fermion type
couples to both Higgs doublets, FCNC’s could be kept under
control if there exists a hierarchy between Y 1

u ,d and Y 2
u ,d ,

namely, a given set of Yukawa matrices is present at the tree
level, but the other ones arise only as a radiative effect. This
occurs for instance in the MSSM, where the type-II THDM
structure is not protected by any symmetry and is trans-
formed into a type-III THDM !see below", through the loop
effects of sfermions and gauginos. That is, the Yukawa cou-
plings that are already present at the tree level in the MSSM
(Y 1

d ,Y 2
u) receive radiative corrections, while the terms

(Y 2
d ,Y 1

u) are induced at the one-loop level.
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I. INTRODUCTION

After many years of the success of the standard model
!SM", the Higgs mechanism is still the least tested sector,
and the problem of electroweak symmetry breaking !EWSB"
remains almost as open as ever. However, the analysis of
radiative corrections within the SM &1' points toward the
existence of a light Higgs boson, which could be detected in
the early stages of the CERN Large Hadron Collider !LHC"
&2'. On the other hand, the SM is often considered as an
effective theory, valid up to an energy scale of O(TeV), and
eventually it will be replaced by a more fundamental theory,
which will explain, among other things, the physics behind
EWSB and perhaps even the origin of flavor. Several ex-
amples of candidate theories, which range from supersym-
metry &3' to deconstruction &4', include a Higgs sector with
two scalar doublets, which has a rich structure and predicts
interesting phenomenology &5'. The general two-Higgs dou-
blet model !THDM" has a potential problem with flavor
changing neutral currents !FCNC’s" mediated by the Higgs
bosons, which arises when each quark type (u and d) is
allowed to couple to both Higgs doublets, and FCNC’s could
be induced at large rates that may jeopardize the model. The
possible solutions to this problem of the THDM involve an
assumption about the Yukawa structure of the model. To dis-
cuss them it is convenient to refer to the Yukawa Lagrangian,
which is written for the quark fields as follows:

LY#Y 1
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uQ̄L(2uR!Y 1
dQ̄L(1dR!Y 2
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where (1,2#(#1,2
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0 )T denote the Higgs doublets. The
specific choices for the Yukawa matrices Y 1,2

q (q#u ,d) de-
fine the versions of the THDM known as I, II, and III, which
involve the following mechanisms, that are aimed either to
eliminate the otherwise unbearable FCNC problem or at least
to keep it under control.

!1" Discrete symmetries. A discrete symmetry can be in-
voked to allow a given fermion type (u or d quarks, for
instance" to couple to a single Higgs doublet, and in such
case FCNC’s are absent at the tree level. In particular, when
a single Higgs field gives masses to both types of quarks
!either Y 1

u#Y 1
d#0 or Y 2

u#Y 2
d#0), the resulting model is

referred as THDM-I. On the other hand, when each type of
quark couples to a different Higgs doublet !either Y 1

u#Y 2
d

#0 or Y 2
u#Y 1

d#0), the model is known as the THDM-II.
This THDM-II pattern is highly motivated because it arises
at the tree level in the minimal supersymmetry !SUSY" ex-
tension for the SM !MSSM" &5'.

!2" Radiative suppression. When each fermion type
couples to both Higgs doublets, FCNC’s could be kept under
control if there exists a hierarchy between Y 1

u ,d and Y 2
u ,d ,

namely, a given set of Yukawa matrices is present at the tree
level, but the other ones arise only as a radiative effect. This
occurs for instance in the MSSM, where the type-II THDM
structure is not protected by any symmetry and is trans-
formed into a type-III THDM !see below", through the loop
effects of sfermions and gauginos. That is, the Yukawa cou-
plings that are already present at the tree level in the MSSM
(Y 1

d ,Y 2
u) receive radiative corrections, while the terms

(Y 2
d ,Y 1

u) are induced at the one-loop level.
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I. INTRODUCTION

After many years of the success of the standard model
!SM", the Higgs mechanism is still the least tested sector,
and the problem of electroweak symmetry breaking !EWSB"
remains almost as open as ever. However, the analysis of
radiative corrections within the SM &1' points toward the
existence of a light Higgs boson, which could be detected in
the early stages of the CERN Large Hadron Collider !LHC"
&2'. On the other hand, the SM is often considered as an
effective theory, valid up to an energy scale of O(TeV), and
eventually it will be replaced by a more fundamental theory,
which will explain, among other things, the physics behind
EWSB and perhaps even the origin of flavor. Several ex-
amples of candidate theories, which range from supersym-
metry &3' to deconstruction &4', include a Higgs sector with
two scalar doublets, which has a rich structure and predicts
interesting phenomenology &5'. The general two-Higgs dou-
blet model !THDM" has a potential problem with flavor
changing neutral currents !FCNC’s" mediated by the Higgs
bosons, which arises when each quark type (u and d) is
allowed to couple to both Higgs doublets, and FCNC’s could
be induced at large rates that may jeopardize the model. The
possible solutions to this problem of the THDM involve an
assumption about the Yukawa structure of the model. To dis-
cuss them it is convenient to refer to the Yukawa Lagrangian,
which is written for the quark fields as follows:

LY#Y 1
uQ̄L(1uR!Y 2

uQ̄L(2uR!Y 1
dQ̄L(1dR!Y 2

dQ̄L(2dR ,
!1"

where (1,2#(#1,2
! ,#1,2

0 )T denote the Higgs doublets. The
specific choices for the Yukawa matrices Y 1,2

q (q#u ,d) de-
fine the versions of the THDM known as I, II, and III, which
involve the following mechanisms, that are aimed either to
eliminate the otherwise unbearable FCNC problem or at least
to keep it under control.

!1" Discrete symmetries. A discrete symmetry can be in-
voked to allow a given fermion type (u or d quarks, for
instance" to couple to a single Higgs doublet, and in such
case FCNC’s are absent at the tree level. In particular, when
a single Higgs field gives masses to both types of quarks
!either Y 1

u#Y 1
d#0 or Y 2

u#Y 2
d#0), the resulting model is

referred as THDM-I. On the other hand, when each type of
quark couples to a different Higgs doublet !either Y 1

u#Y 2
d

#0 or Y 2
u#Y 1

d#0), the model is known as the THDM-II.
This THDM-II pattern is highly motivated because it arises
at the tree level in the minimal supersymmetry !SUSY" ex-
tension for the SM !MSSM" &5'.

!2" Radiative suppression. When each fermion type
couples to both Higgs doublets, FCNC’s could be kept under
control if there exists a hierarchy between Y 1

u ,d and Y 2
u ,d ,

namely, a given set of Yukawa matrices is present at the tree
level, but the other ones arise only as a radiative effect. This
occurs for instance in the MSSM, where the type-II THDM
structure is not protected by any symmetry and is trans-
formed into a type-III THDM !see below", through the loop
effects of sfermions and gauginos. That is, the Yukawa cou-
plings that are already present at the tree level in the MSSM
(Y 1

d ,Y 2
u) receive radiative corrections, while the terms

(Y 2
d ,Y 1

u) are induced at the one-loop level.
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I. INTRODUCTION

After many years of the success of the standard model
!SM", the Higgs mechanism is still the least tested sector,
and the problem of electroweak symmetry breaking !EWSB"
remains almost as open as ever. However, the analysis of
radiative corrections within the SM &1' points toward the
existence of a light Higgs boson, which could be detected in
the early stages of the CERN Large Hadron Collider !LHC"
&2'. On the other hand, the SM is often considered as an
effective theory, valid up to an energy scale of O(TeV), and
eventually it will be replaced by a more fundamental theory,
which will explain, among other things, the physics behind
EWSB and perhaps even the origin of flavor. Several ex-
amples of candidate theories, which range from supersym-
metry &3' to deconstruction &4', include a Higgs sector with
two scalar doublets, which has a rich structure and predicts
interesting phenomenology &5'. The general two-Higgs dou-
blet model !THDM" has a potential problem with flavor
changing neutral currents !FCNC’s" mediated by the Higgs
bosons, which arises when each quark type (u and d) is
allowed to couple to both Higgs doublets, and FCNC’s could
be induced at large rates that may jeopardize the model. The
possible solutions to this problem of the THDM involve an
assumption about the Yukawa structure of the model. To dis-
cuss them it is convenient to refer to the Yukawa Lagrangian,
which is written for the quark fields as follows:

LY#Y 1
uQ̄L(1uR!Y 2

uQ̄L(2uR!Y 1
dQ̄L(1dR!Y 2

dQ̄L(2dR ,
!1"

where (1,2#(#1,2
! ,#1,2

0 )T denote the Higgs doublets. The
specific choices for the Yukawa matrices Y 1,2

q (q#u ,d) de-
fine the versions of the THDM known as I, II, and III, which
involve the following mechanisms, that are aimed either to
eliminate the otherwise unbearable FCNC problem or at least
to keep it under control.

!1" Discrete symmetries. A discrete symmetry can be in-
voked to allow a given fermion type (u or d quarks, for
instance" to couple to a single Higgs doublet, and in such
case FCNC’s are absent at the tree level. In particular, when
a single Higgs field gives masses to both types of quarks
!either Y 1

u#Y 1
d#0 or Y 2

u#Y 2
d#0), the resulting model is

referred as THDM-I. On the other hand, when each type of
quark couples to a different Higgs doublet !either Y 1

u#Y 2
d

#0 or Y 2
u#Y 1

d#0), the model is known as the THDM-II.
This THDM-II pattern is highly motivated because it arises
at the tree level in the minimal supersymmetry !SUSY" ex-
tension for the SM !MSSM" &5'.

!2" Radiative suppression. When each fermion type
couples to both Higgs doublets, FCNC’s could be kept under
control if there exists a hierarchy between Y 1

u ,d and Y 2
u ,d ,

namely, a given set of Yukawa matrices is present at the tree
level, but the other ones arise only as a radiative effect. This
occurs for instance in the MSSM, where the type-II THDM
structure is not protected by any symmetry and is trans-
formed into a type-III THDM !see below", through the loop
effects of sfermions and gauginos. That is, the Yukawa cou-
plings that are already present at the tree level in the MSSM
(Y 1

d ,Y 2
u) receive radiative corrections, while the terms

(Y 2
d ,Y 1

u) are induced at the one-loop level.
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m!̃ mass limit. Rather, these modes decouple in the limit that the pseudoscalar Higgs
boson becomes heavy, mA → ∞, thus providing complementary information on the
supersymmetric (SUSY) spectrum.

Flavor Violation among the Sleptons. In the leptonic sector, we begin with a
Lagrangian:

− L = ERYELLHd + νRYνLL + 1
2ν

!
RMR νR (1)

where ER, LL and νR represent 3 × 1 matrices in flavor space of right-handed charged
leptons, left-handed lepton doublets and right-handed neutrinos, and YE, Yν and MR are
3 × 3 matrices in flavor space; for example, ER = (eR, µR, τR)!. This Lagrangian clearly
violates both family and total lepton number due to the presence of the νR Majorana
mass term. We can choose to work in a basis in which both YE and MR have been
diagonalized, but Yν remains an arbitrary, complex matrix.

Within the SM, O(1) flavor violation in the neutrinos does not translate into appre-
ciable flavor violation in the charged lepton sector due to 1/MR suppressions. But this
is not true in the slepton sector. The SUSY-breaking slepton masses are unprotected
by chiral symmetries and are therefore sensitive to physics at all mass scales between
mL̃ and the scale, M , at which SUSY-breaking is communicated to the visible sector,
assuming M > MR. This can be seen by examining the renormalization group equation
for m2

L̃
at scales above MR:

d

d log Q
(m2

L̃)ij =

(

d

d logQ
(m2

L̃)ij

)

MSSM

(2)

+
1

16π2

[

m2
L̃Y †

ν Yν + Y †
ν Yνm

2
L̃ + 2(Y †

ν m2
ν̃R

Yν + m2
Hu

Y †
ν Yν + A†

νAν)
]

ij

where the first term represents the (L-conserving) terms present in the usual MSSM at
scales below MR. Because Yν is off-diagonal, it will generate flavor-mixing in the slepton
mass matrix. We can solve this equation approximately for the flavor-mixing piece:

(

∆m2
L̃

)

ij
% −

log(M/MR)

16π2

(

6m2
0(Y

†
ν Yν)ij + 2

(

A†
νAν

)

ij

)

(3)

where m0 is a common scalar mass evaluated at the scale Q = M , and i &= j. If we
further assume that the A-terms are proportional to Yukawa matrices, then:

(

∆m2
L̃

)

ij
% ξ

(

Y †
ν Yν

)

ij
(4)

where

ξ = −
log(M/MR)

16π2
(6 + 2a2)m2

0. (5)

and a is O(1). In the simplest SUSY-breaking scenarios, gravity plays the role of mes-
senger and M = MP l, so that the logarithm in Eq. (5) is roughly 10.
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scales below MR. Because Yν is off-diagonal, it will generate flavor-mixing in the slepton
mass matrix. We can solve this equation approximately for the flavor-mixing piece:
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where m0 is a common scalar mass evaluated at the scale Q = M , and i &= j. If we
further assume that the A-terms are proportional to Yukawa matrices, then:
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and a is O(1). In the simplest SUSY-breaking scenarios, gravity plays the role of mes-
senger and M = MP l, so that the logarithm in Eq. (5) is roughly 10.
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are to be bounded by current experimental constraints. Thus, in order to derive the interactions of the charged Higgs
boson, the Yukawa Lagrangian is written as follows:

�LY = Y u
1 Q̄L⇥̃1uR + Y u

2 Q̄L⇥̃2uR + Y d
1 Q̄L⇥1dR + Y d

2 Q̄L⇥2dR + Y ⇥
1 L̄L⇥1lR + Y ⇥

2 L̄L⇥2lR; (1)

where ⇥1,2 = (⇤+
1,2,⇤

0
1,2)

T refer to the two Higgs doublets, ⇥̃1,2 = i⇥2⇥⇥
1,2, QL denotes the left-handed fermions

doublet, uR and dR are the right-handed fermions singlets and, finally, Y u,d
1,2 denote the (3 ⇥ 3) Yukawa matrices.

Similarly, one can see the corresponding left-handed fermion doublet LL, the right-handed fermion singlet lR and the
Yukawa matrices Y ⇥

1,2 for leptons.
After SSB (Spontaneous Symmetry Breaking), one can derive the fermion mass matrices from eq. (1), namely

Mf =
1⇧
2
(v1Y

f
1 + v2Y

f
2 ), f = u, d, l, (2)

We will assume that both Yukawa matrices Y f
1 and Y f

2 have the four-texture form and Hermitic [22, 26]. Following
this convention, the fermions masses matrices have the same form, which are written as:

Mf =

�

⇤
0 Cf 0
C⇥

f B̃f Bf

0 B⇥
f Af

⇥

⌅ . (3)

when B̃q ⌅ 0 one recovers the six-texture form. We also consider the hierarchy: | Aq |⇤ | B̃q |, | Bq |, | Cq |, which is
supported by the observed fermion masses in the SM.

The mass matrix is diagonalized through the bi-unitary matrices VL,R, though each Yukawa matrices are not
diagonalized by this transformation. The diagonalization is performed in the following way

M̄f = V †
fLMfVfR. (4)

The fact that Mf is hermitian, under the considerations given above, directly implies that VfL = VfR, and the
mass eigenstates for the fermions are given by

u = V †
uu

⇤ d = V †
d d

⇤ l = V †
l l

⇤. (5)

Then eq. (2) in this basis takes the form

M̄f =
1⇧
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(v1Ỹ

f
1 + v2Ỹ

f
2 ) (6)

where Ỹ f
i = V †

fLY
f
i VfR. In order to compare the new physics comes from Yukawa texture with some traditional 2HDM

(in particular with 2HDM-II), in previous works [22, 23, 28–30], we have implemented the following redefinition ((a)
like-2HDM-II):
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This, redefinition is convenient because we can get the coupling Higgs-fermion-fermion as gff�2HDM�III = gff�2HDM�II +

�gff�, where gff�2HDM�II is the coupling in the 2HDM-II and �gff� is the contribution of four-zero texture, which
comes some flavor theory. If �gff� ⌅ 0 we can recover the 2HDM-II. However, this redefinition is not unique, there
are other possibilities since eq. 6, which can reproduce the 2HDM-I, 2HDM-X or 2HDM-Y when the contribution of
new physics �gff� ⌅ 0. The other possible redefinitions are:

(b) like-2HDM-I ( gfuifdjH
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where �f
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With this structure in different limits one can have different 2HDM
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µ � e universality in ⌧ decays

Leptonic meson decays B ! ⌧⌫, D ! µ⌫, Ds ! µ⌫, ⌧⌫ and semileptonic decays B ! D⌧⌫

B ! Xs� decays

B
0 � B̄

0 mixing

Eelectro-weak precision test(including S,T,U oblique parameters)

Finally with all these above constraints one can find: �f

kk
⇠ 1 and |�f

ij
|  0.5,

Jaime Hernandez Sanchez (FCE-BUAP) Flavor violating signatures of lighter and heavier Higgs bosons within Two Higgs Doublet Model type III at the LHeC28. April 2015 10 / 20

The 2HDM-III as effective Lagrangian that induce at tree level flavor violating signatures  like 
h,H —> sb, 𝛕μ and H+ —> cb, ts,  decays can be relevant in the parameter space of 
the model. 
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the QCD running of the the Wilson coefficients Ci(µW ) down to the lower energy scale µb = O(mb), after including
the new physics contributions, the same happens in the SM. Thence, for a complete NLO analysis of the radiative
decay B → Xsγ only the Wilson coefficient C eff

7 (µb) has to be known, which is:

C eff
7 (µb) = C0, eff

7 (µb) +
αs(µb)

4π
C1, eff

7 (µb) , (65)

where the functions C0, eff
7 (µb) and C1, eff

7 (µb) as functions of C0
i,j(µW ) and their complete expressions are given in

[43, 80].

E. BR(B → Xsγ)

The BR of the inclusive radiative decay B → Xsγ is given by:
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at the NLO level, where BSL = (10.74±0.16)% is the measured semi-leptonic BR of the B meson [68], αem = 1/137.036
is the fine-structure constant, z = mpole

c /mpole
b is the ratio of the quark pole masses, θ(z) and κ(z) denote the phase

space factor and the QCD correction [81] for the semi-leptonic B decay and are given in [43, 80]. The term D in eq.
(67) corresponds to the sub-processes b → sγ [43]

D = Ceff
7 (µb) + V (µb) , (68)

where the NLO Wilson coefficient Ceff
7 (µb) has been given in eq. (65), and the function V (µb) is given by [43, 80]. In

eq. (67), term A is the the correction coming from the bremsstrahlung process b → sγg [82]. Now we are ready to
present numerical results of the BRs in the 2HDM-III. We employ the central value of the input parameters given in
Refs. [43, 80]. For the values of the matching scale and low energy scale, we take µW = MW and mb/2 ≤ µb ≤ 2mb.
Following the recent analysis of Refs. [61, 83] and using standard values [43, 80] for the charged Higgs boson mass

(80 GeV ≤ mH± ≤ 300 GeV), we can establish the following constraints:
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Since
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< 0.25, we show in Fig. 8 the allowed area in the plane χu
33 − χu

23, for the cases Y << 1 (left panel),

Y = 1 (center panel) and Y = 10 (right panel). One can then extract the bounds −0.75 ≤ χu
23 ≤ −0.15 for χu

33 = 1 and

0.4 ≤ χu
23 ≤ 0.9 for χu

33 = −1, both when Y << 1. Otherwise, using the second constraint −1.7 < Re

[

X33Y
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32

VtbVts

]
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we can obtain the interval permitted for χu
23, assuming the allowed interval for χd

23 from B → τν and χu
33 = 1 =

χd
33 = 1. In Fig. 9 one can get the allowed area for some scenarios of Tab. II. We can, e.g., obtain χu

23 ∈ (−0.55,−0.48)
for the case X = 20 and Y = 0.1 (left panel). An interesting scenario for the 2HDM-III is the 2HDM-X-like one,
where the allowed region is larger than in other scenarios, with χu

23 ∈ (−2.2, 0.45) and χd
23 ∈ (−7,−2) (using the

constraint coming from B → τν), so that one can avoid the most restrictive constraints hitherto considered.

F. B0 − B̄0 mixing

In generic 2HDMs, the charged Higgs boson contributes to the mass splitting ∆MBd
. Previously, in Ref. [84], the

new physics contribution to ∆MBd
was calculated in the 2HDM-III at the LO and was presented the constraints on

the λtt −mH± plane, by using the measured xd = ∆MBd
/ΓB value. However, in that work did not include the effects

of the large uncertainty affecting the non-perturbative parameter fBd

√

B̂Bd
and the new physics contribution to the

parameter ηB [80], as well as the possibility of non-diagonal terms in the Yukawa texture. Remembering that in
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[43, 70, 71] and in the 2HDM with Minimal Flavor Violation (MFV) [72] while, only very recently, NNLO results have
been presented for both a Type-I and Type-II 2HDM [73]. The current average of the measurements by CLEO [74],
Belle [75, 76], and BaBar [77–79] reads BR(B̄ → Xγ)|Eγ>1.6 GeV = (3.37± 0.23)× 10−4.
In this subsection we show the constraints on the off-diagonal terms of the four-zero Yukawa texture of the 2HDM-

III through a general study of the processes B → Xsγ. We first start with a digression on Wilson coefficients entering
the higher order calculations.

1. NLO Wilson coefficients at the scale µW

To the first order in αs, the effective Wilson coefficients at the scale µW = O(MW ) can be written as [43, 80]

C eff
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The LO contribution of 2HDM-III to the relevant Wilson coefficients at the matching energy scale µW take the form
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The NLO Wilson coefficients at the matching scale µW in the 2HDM-III can be written as [43]
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where the functions on the right-hand side of eqs. (60) and (62) are given in Ref. [43, 80]. The contributions of our
version 2HDM-III to the B → Xsγ decay are described by the functions C0,1

i,j (µW ) (i = 7, 8 and j = (Y Y,XY )) and
the couplings Y u

33, Y
u∗
32 and Xu

33.
The contribution from new physics to B → Xsγ also depend on the magnitude and sign of the couplings X and

Y (see Tab. I). For instance, for the conventional Type-II 2HDM, we have |Y |2 = 1
tan2 β , XY ∗ = 1, whereas for the

2HDM-III under study here we have
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where λD
tt and λD

tt , expressed in eq. (40), are parameters defined in a version of the 2HDM-III without off-diagonal
terms in the Yukawa texture [24, 80]5. Again, when the off-diagonal terms of the four-zero texture of Yukawa matrices
are absent, we recover the results mentioned. When the heavy charged Higgs bosons is integrated out at the scale µW ,

5 In the version 2HDM-III of [24, 80, 84], one has λD
tt = λbb, λU

tt = λtt.
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tt , expressed in eq. (40), are parameters defined in a version of the 2HDM-III without off-diagonal
terms in the Yukawa texture [24, 80]5. Again, when the off-diagonal terms of the four-zero texture of Yukawa matrices
are absent, we recover the results mentioned. When the heavy charged Higgs bosons is integrated out at the scale µW ,
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the QCD running of the the Wilson coefficients Ci(µW ) down to the lower energy scale µb = O(mb), after including
the new physics contributions, the same happens in the SM. Thence, for a complete NLO analysis of the radiative
decay B → Xsγ only the Wilson coefficient C eff

7 (µb) has to be known, which is:

C eff
7 (µb) = C0, eff

7 (µb) +
αs(µb)

4π
C1, eff

7 (µb) , (65)

where the functions C0, eff
7 (µb) and C1, eff

7 (µb) as functions of C0
i,j(µW ) and their complete expressions are given in

[43, 80].

E. BR(B → Xsγ)

The BR of the inclusive radiative decay B → Xsγ is given by:
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at the LO level and
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at the NLO level, where BSL = (10.74±0.16)% is the measured semi-leptonic BR of the B meson [68], αem = 1/137.036
is the fine-structure constant, z = mpole

c /mpole
b is the ratio of the quark pole masses, θ(z) and κ(z) denote the phase

space factor and the QCD correction [81] for the semi-leptonic B decay and are given in [43, 80]. The term D in eq.
(67) corresponds to the sub-processes b → sγ [43]

D = Ceff
7 (µb) + V (µb) , (68)

where the NLO Wilson coefficient Ceff
7 (µb) has been given in eq. (65), and the function V (µb) is given by [43, 80]. In

eq. (67), term A is the the correction coming from the bremsstrahlung process b → sγg [82]. Now we are ready to
present numerical results of the BRs in the 2HDM-III. We employ the central value of the input parameters given in
Refs. [43, 80]. For the values of the matching scale and low energy scale, we take µW = MW and mb/2 ≤ µb ≤ 2mb.
Following the recent analysis of Refs. [61, 83] and using standard values [43, 80] for the charged Higgs boson mass

(80 GeV ≤ mH± ≤ 300 GeV), we can establish the following constraints:
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33 = 1. In Fig. 9 one can get the allowed area for some scenarios of Tab. II. We can, e.g., obtain χu
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for the case X = 20 and Y = 0.1 (left panel). An interesting scenario for the 2HDM-III is the 2HDM-X-like one,
where the allowed region is larger than in other scenarios, with χu
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X33Y
∗
32

VtbVts

]

< 0.7,

we can obtain the interval permitted for χu
23, assuming the allowed interval for χd

23 from B → τν and χu
33 = 1 =

χd
33 = 1. In Fig. 9 one can get the allowed area for some scenarios of Tab. II. We can, e.g., obtain χu

23 ∈ (−0.55,−0.48)
for the case X = 20 and Y = 0.1 (left panel). An interesting scenario for the 2HDM-III is the 2HDM-X-like one,
where the allowed region is larger than in other scenarios, with χu

23 ∈ (−2.2, 0.45) and χd
23 ∈ (−7,−2) (using the

constraint coming from B → τν), so that one can avoid the most restrictive constraints hitherto considered.

F. B0 − B̄0 mixing

In generic 2HDMs, the charged Higgs boson contributes to the mass splitting ∆MBd
. Previously, in Ref. [84], the

new physics contribution to ∆MBd
was calculated in the 2HDM-III at the LO and was presented the constraints on

the λtt −mH± plane, by using the measured xd = ∆MBd
/ΓB value. However, in that work did not include the effects

of the large uncertainty affecting the non-perturbative parameter fBd

√

B̂Bd
and the new physics contribution to the

parameter ηB [80], as well as the possibility of non-diagonal terms in the Yukawa texture. Remembering that in
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at the NLO level, where BSL = (10.74±0.16)% is the measured semi-leptonic BR of the B meson [68], αem = 1/137.036
is the fine-structure constant, z = mpole

c /mpole
b is the ratio of the quark pole masses, θ(z) and κ(z) denote the phase

space factor and the QCD correction [81] for the semi-leptonic B decay and are given in [43, 80]. The term D in eq.
(67) corresponds to the sub-processes b → sγ [43]

D = Ceff
7 (µb) + V (µb) , (68)

where the NLO Wilson coefficient Ceff
7 (µb) has been given in eq. (65), and the function V (µb) is given by [43, 80]. In

eq. (67), term A is the the correction coming from the bremsstrahlung process b → sγg [82]. Now we are ready to
present numerical results of the BRs in the 2HDM-III. We employ the central value of the input parameters given in
Refs. [43, 80]. For the values of the matching scale and low energy scale, we take µW = MW and mb/2 ≤ µb ≤ 2mb.
Following the recent analysis of Refs. [61, 83] and using standard values [43, 80] for the charged Higgs boson mass

(80 GeV ≤ mH± ≤ 300 GeV), we can establish the following constraints:
∣

∣

∣

∣

Y33Y ∗
32

VtbVts

∣

∣

∣

∣

< 0.25, −1.7 < Re

[

X33Y ∗
32

VtbVts

]

< 0.7. (69)

Since

∣

∣

∣

∣

Y33Y
∗
32

VtbVts

∣

∣

∣

∣

< 0.25, we show in Fig. 8 the allowed area in the plane χu
33 − χu

23, for the cases Y << 1 (left panel),

Y = 1 (center panel) and Y = 10 (right panel). One can then extract the bounds −0.75 ≤ χu
23 ≤ −0.15 for χu

33 = 1 and

0.4 ≤ χu
23 ≤ 0.9 for χu

33 = −1, both when Y << 1. Otherwise, using the second constraint −1.7 < Re

[

X33Y
∗
32

VtbVts

]

< 0.7,

we can obtain the interval permitted for χu
23, assuming the allowed interval for χd

23 from B → τν and χu
33 = 1 =

χd
33 = 1. In Fig. 9 one can get the allowed area for some scenarios of Tab. II. We can, e.g., obtain χu

23 ∈ (−0.55,−0.48)
for the case X = 20 and Y = 0.1 (left panel). An interesting scenario for the 2HDM-III is the 2HDM-X-like one,
where the allowed region is larger than in other scenarios, with χu

23 ∈ (−2.2, 0.45) and χd
23 ∈ (−7,−2) (using the

constraint coming from B → τν), so that one can avoid the most restrictive constraints hitherto considered.

F. B0 − B̄0 mixing

In generic 2HDMs, the charged Higgs boson contributes to the mass splitting ∆MBd
. Previously, in Ref. [84], the

new physics contribution to ∆MBd
was calculated in the 2HDM-III at the LO and was presented the constraints on

the λtt −mH± plane, by using the measured xd = ∆MBd
/ΓB value. However, in that work did not include the effects

of the large uncertainty affecting the non-perturbative parameter fBd

√

B̂Bd
and the new physics contribution to the

parameter ηB [80], as well as the possibility of non-diagonal terms in the Yukawa texture. Remembering that in

17 12
jueves, 21 de marzo de 13



26

J
H
E
P
0
7
(
2
0
1
4
)
0
5
7

In the next section, we briefly describe the theoretical structure of the Yukawa sector

in the 2HDM-III. In section III, we present the Feynman rules for the γγφ and for γZφ

interactions (where φ signifies the intervening Higgs boson, either CP-even or CP-odd). In

section IV, we present our numerical results. In section V, we summarize and conclude.

Finally, some more technical details of the calculations are relegated to the appendix.

2 The Higgs-Yukawa sector of the 2HDM-III

The 2HDM includes two Higgs scalar doublets of hypercharge +1: Φ†
1 = (φ−

1 ,φ
0∗
1 ) and

Φ†
2 = (φ−

2 ,φ
0∗
2 ). The most general SU(2)L×U(1)Y invariant scalar potential can be written

as [50]

V (Φ1,Φ2) = µ2
1(Φ

†
1Φ1) + µ2

2(Φ
†
2Φ2)−

(
µ2
12(Φ

†
1Φ2) + H.c.

)
+

1

2
λ1(Φ

†
1Φ1)

2 (2.1)

+
1

2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2 Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+

(
1

2
λ5(Φ

†
1Φ2)

2 +
(
λ6(Φ

†
1Φ1) + λ7(Φ

†
2Φ2)

)
(Φ†

1Φ2) + H.c.

)
,

where all parameters are assumed to be real, including the scalar field vacuum expectation

values 〈Φ〉†1 = (0, v1) and 〈Φ〉†2 = (0, v2), namely, both explicit and spontaneous CP-

violation do not occur.1 When a specific four-zero texture is implemented as a flavor

symmetry in the Yukawa sector, discrete symmetries in the Higgs potential are not needed.

Hence, one must keep the terms proportional to λ6 and λ7. These parameters play an

important role in one-loop processes though, where self-interactions of Higgs bosons could

be relevant [51]. In particular, with our assumptions, the Higgs potential is not invariant

under the so-called custodial symmetryl SU(2)L × SU(2)R only when λ4 %= λ5 [41, 52].

Then, the possibility of large contributions to the ρ = m2
W /m2

Z cos2 θW parameter comes

only from the difference (λ4 − λ5), which can be rewritten in terms of (m2
H± −m2

A), being

large. In ref. [50], we can get the general expression of the Higgs spectrum and one obtains

in particular the squared mass for the charged Higgs state:

m2
H± = m2

A +
1

2
v2(λ4 − λ5). (2.2)

Recently, another possibility was studied in ref. [53], where a twisted custodial symmetry

is presented and generalizes the case above. This symmetry is broken when mH± −mA or

mH± − mH are sizable. In both cases, we must also consider the corresponding mass of

the CP-even neutral Higgs H-state:

m2
H = m2

A + v2
(
λ− λA + λ̂

cos(β − α)

sin(β − α)

)
, (2.3)

where the parameters λ, λA and λ̂ are given in ref. [50] and are functions of all parameters

λi. Following the analysis of this reference, we can get in the SM-like scenario (cos(β−α) →
1The µ2

12, λ5, λ6 and λ7 parameters are complex in general, but we will assume that they are real for

simplicity.
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0) that (m2
A − m2

H) = O(v2) and, using eq. (2.2), we can also relate mH± − mH to the

difference (λ4 − λ5). Consequently, the parameters λ6 and λ7 are not so relevant in the

contributions to the ρ parameter. Besides, the twisted symmetry allows for a scenario

where the pseudoscalar Higgs state is light [41, 54], which will be discussed below. As the

Higgs potential has CP-conservation, one can avoid mixing among the real and imaginary

parts of the neutral scalar fields, so that the general expressions of the oblique parameters

are reduced to those given in ref. [55].2 Although the parameters λ6 and λ7 can avoid to

be constrained by the ρ parameter, there are other ways to subject them to various tests,

e.g., perturbativity and unitarity [41]. In particular, we found that the strongest constraint

for the most general Higgs potential of the 2HDM comes from tree-level unitarity [58]. We

found numerically the following constraint for tanβ ≤ 10:

|λ6,7| ≤ 1, (2.4)

which will be used in all our subsequent work.
In order to derive the interactions of the type Higgs-fermion-fermion, the Yukawa

Lagrangian is written as follows:

LY = −
(
Y u
1 Q̄LΦ̃1uR + Y u

2 Q̄LΦ̃2uR + Y d
1 Q̄LΦ1dR + Y d

2 Q̄LΦ2dR + Y l
1 L̄LΦ1lR + Y l

2 L̄LΦ2lR
)
, (2.5)

where Φ1,2 = (φ+
1,2,φ

0
1,2)

T refer to the two Higgs doublets, Φ̃1,2 = iσ2Φ∗
1,2. After spon-

taneous EWSB, one can derive the fermion mass matrices from eq. (2.5), namely: Mf =
1√
2
(v1Y

f
1 + v2Y

f
2 ), f = u, d, l, assuming that both Yukawa matrices Y f

1 and Y f
2 have

the four-texture form and are Hermitian [47–49]. The diagonalisation is performed in the

following way: M̄f = V †
fLMfVfR. Then, M̄f = 1√

2
(v1Ỹ

f
1 + v2Ỹ

f
2 ), where Ỹ f

i = V †
fLY

f
i VfR.

One can derive a better approximation for the product Vq Y
q
n V †

q , by expressing the rotated

matrix Ỹ q
n as

[
Ỹ q
n

]

ij
=

√
mq

im
q
j

v
[χ̃q

n]ij =

√
mq

im
q
j

v
[χq

n]ij eiϑ
q
ij , (2.6)

where the χ’s are unknown dimensionless parameters of the model. Following the recent

analysis of [59, 60] (see also [61]), we can obtain the generic expression for the interactions

of the Higgs bosons with the fermions,

Lf̄ifjφ = −
{√

2

v
ui
(
mdjXijPR +muiYijPL

)
dj H

+ +

√
2mlj

v
ZijνLlRH

+ +H.c.

}

−1

v

{
f̄imfih

f
ijfjh

0 + f̄imfiH
f
ijfjH

0 − if̄imfiA
f
ijfjγ5A

0

}
, (2.7)

where φf
ij (φ = h, H, A), Xij , Yij and Zij are defined as follows:

φf
ij = ξfφδij +G(ξfφ , X), φ = h,H,A, (2.8)

2When the most general Higgs potential with CP-violation is considered, one must use the general

expressions of the oblique parameters given in [56, 57].
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n as

[
Ỹ q
n

]

ij
=

√
mq

im
q
j

v
[χ̃q

n]ij =

√
mq

im
q
j

v
[χq

n]ij eiϑ
q
ij , (2.6)

where the χ’s are unknown dimensionless parameters of the model. Following the recent

analysis of [59, 60] (see also [61]), we can obtain the generic expression for the interactions

of the Higgs bosons with the fermions,

Lf̄ifjφ = −
{√

2

v
ui
(
mdjXijPR +muiYijPL

)
dj H

+ +

√
2mlj

v
ZijνLlRH

+ +H.c.

}

−1

v

{
f̄imfih

f
ijfjh

0 + f̄imfiH
f
ijfjH

0 − if̄imfiA
f
ijfjγ5A

0

}
, (2.7)

where φf
ij (φ = h, H, A), Xij , Yij and Zij are defined as follows:

φf
ij = ξfφδij +G(ξfφ , X), φ = h,H,A, (2.8)

2When the most general Higgs potential with CP-violation is considered, one must use the general

expressions of the oblique parameters given in [56, 57].

– 4 –

J
H
E
P
0
7
(
2
0
1
4
)
0
5
7

λ6 = −λ7, (4.2)

µ12 ∼ v, (4.3)

where δ is considered near to zero and where we take µ12 = 200GeV. Besides, we can

observe that is more convenient to use λ6 = −λ7 instead of λ6 = λ7 because the rates of

h → γγ, γZ can receive the greatest enhancement. In the opposite case, λ6 = λ7, the

contribution to the decay is irrelevant (see the three Higgs bosons vertices Feynman rules

of appendix B). So that our settings naturally comply with the SM-like scenario advocated

in ref. [50].

4.1 The h → γγ, γZ decays

In this section we present the results for the case of h decays. We start with a general

discussion of all decay channels and we finally comment on the two specific channels of

interest. In the left panel of figure 5, where the h → AA decay is forbidden, one can see

that the behavior of all decay channels is similar to the SM case [65]. However, if the decay

h → AA is kinetically allowed (see right panel), all SM channels show a strong reduction,

as this mode becomes dominant for most mh values. For this special case (mA < mh/2

), there is a small region of parameter space of our model, where this channel decay is

allowed. Following the study of new physics effects on the electroweak oblique parameters

parametrized by S, T and U [55], we find for 2mA < mh and mH ∼ 200 - 230GeV,

taking sin(β − α) ∼ 1, the range allowed for the charged Higgs boson mass is given by

150GeV≤ mH± ≤ 200GeV. Using these values for the masses of neutral and charged

Higgs bosons, we can confront the parameter space of our model with the main flavor

physics constraints, which are studied in [59, 60, 66]. We can obtain practically the same

constraints for the parameters of Yukawa matrices with a four-zero texture, except for the

off-diagonal term, χd
23, which must be very tiny and it has the following bound |χd

23| ≤ 10−1.

The process Bs → µ+µ− imposes the most strong constraint to the parameter χd
23 (see the

formula of this process in the refs. [59, 60]). On the other hand, we should consider another

assumption, the possibility to observe this channel decay at LHC. In ref. [67] the decay

h → AA is studied in a model-independent way with 2mA < (mh − 10)GeV, this channel

could provide sizable significances for an integrated luminosity L = 30 fb−1 and adequate

b-tagging efficiencies. Therefore, if we want to have a h boson that be SM-like, we have to

demand that 2mA > mh, so that the decay h → AA is forbidden. For reference, hereafter,

we are using the 2HDM-III Like II (for reasons which will become clear below).

As we can see in figure 6, the Br(h → γγ) is very sensitive to the X parameter

given in eq. (2.9). For large values of the latter, in particular, the Br(h → γγ) shows an

enhancement of one order of magnitude, but this behavior is contrary to the experimental

results from the LHC. In contrast, for medium values of X (say, X < 15), this increase

is under control, indeed compatible with the LHC data, so that we will choose a definite

value in this range, e.g., X = 10, from now on. We will instead change the values of other

parameters, like the mass of the charged Higgs boson, mH+ .
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The masses of ma, mH+ and MH are chosen by STU obliques parameters

A. Cordero-Cid, J. Hernandez-Sanchez, C. Honorato, S. Moretti, A. Rosado,  JHEP07 (2014) 057
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6

allowed regions. This is due to the fact that the Yukawa couplings are strongly sensitive to the X

and Y values, hence the BR(h ! bb̄) is too, as well as BR(h ! cc̄). For example, for the Ia scenario,
over the region with 2 < X < 5, the BR(h ! bb̄) is above the mentioned experimental bounds
but, if Y grows larger, h ! cc̄ starts to be relevant and the BR(h ! bb̄) decreases until acceptable
values. In contrast, in the region 0 < X < 1, the channel h ! bb̄ is generally inconsistent with
experimental data unless Y is small, so that the h ! cc̄ decay rate is small too and the BR(h ! bb̄)
is within the allowed limits from the experimental data connected at the CERN machine.

The discussed event rates are calculated via the formula �(ep ! ⌫ehj) ⇥ BR(h ! cc̄)⇥ 1
ab�1 ⇥ ✏

2
c (as mentioned, we take ✏c = 0.24 as an approximation of the e�ciency of a standard c-

tagging algorithm suitable for the FCC-eh environment [78]). The cross sections and BRs have been
calculated using CalcHEP 3.7.5 [79], wherein the 2HDM-III has been implemented by ourselves.
The proton beam is taken with 50 TeV of energy (Eb), assuming CTEQ6L1 as Parton Distribution
Functions (PDFs) [80], while the electron beam is considered to be of 60 GeV (Ee�) with a
(longitudinal) polarisation (P e

�
L

) of �80% [81]. For each of these BPs we give herein the common
cross section, the BRs into bb̄, cc̄, sb̄ plus Charge Conjugate (C.C.) and ss̄.
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FIG. 1. Event rates for each benchmark scenario over the (X,Y ) plane computed as �(ep ! ⌫ehj)⇥BR(h !
cc̄)⇥ ✏

2
c ⇥ 1 ab�1. Here, we have Ep = 50 TeV and Ee� = 60 GeV (with P
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L = �80%).
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Limits for masses of neutral Higgs bosons: 

An additional state with the same mass of the Higgs boson of SM is not ruled out, in 
particular the 2HDM-I could render it [ arXiv:1307.1347 [hep-ph]]. 

CMS Collaboration analyse the range 110 GeV< MH < 150 GeV in the almost case 
degenerate for the masses of Higgs boson, which is not excluded yet. 

This result can be employed for CP-odd state. 

Recently for CP-odd sate in any 2HDM, CMS has ruled out the range 225 GeV< mA < 
1000 GeV, considering low values of tan β [A. M. Sirunyan et al. (CMS), Eur. Phys. J. C 
79, 564 (2019), arXiv:1903.00941 [hep-ex]]. 
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Limits for masses of charged Higgs bosons: 
CMS and ATLAS Collab-oration has imposed for the range of the mass 80 GeV < mH± < 160 
GeV, a higher limit for BR(t H+b) = 2 − 3%, assuming BR(H+ → τ + ν ) = 1 [V. Khachatryan 
et al. (CMS), JHEP 11, 018 (2015), arXiv:1508.07774 [hep-ex]],[M. Aaboud et al. (ATLAS), 
JHEP 09, 139 (2018), arXiv:1807.07915 [hep-ex]]. 

On the other hand, when BR(H+ → cs ̄) = 1 is assumed, CMS collaboration establish BR(t → 
H+b)∼20%in the mass range 90GeV<mH± <160 GeV [V.Khacha- tryan et al. (CMS), JHEP 12, 
178 (2015), arXiv:1510.04252 [hep-ex]], [A. M. Sirunyan et al. (CMS), Phys. Rev. D 102, 
072001 (2020), arXiv:2005.08900 [hep-ex]]. 

Besides, for the case BR(H+ → c ̄b) = 1 and in the mass range 90GeV<mH±<160GeV, CMS 
give us a limit for BR(t H+b) ∼ 0.5 − 0.8% [A. M. Sirunyan et al. (CMS), JHEP 11, 115 
(2018), arXiv:1808.06575 [hep-ex]]. 

Lastly, very recently ATLAS collaboration has reported limits for the product of branching 
fractions BR(t H+b) × BR(H+ → c ̄b) = 0.15% − 0.42% in the mass range 60 GeV < mH± < 
160 GeV, also reporting a slight excess in mH± = 130 GeV [Collaboration (ATLAS), ATLAS-
CONF-2021-037 (2021)]. 



30

Puebla / Jaime Hernandez-Sanchez 5717

These processes lead to 3-jets+
We demanded two jets in the central rapidity region: one tagged b-jet and one low flavor jet. 
The remaining jet (qf) has been tagged in the forwards region and the central jet veto (no more 
than one low flavor jet): are criterions to enhance the signal to the SM backgrounds.   

MET(E/T ) and Rapidity of forward jet (⌘f )

E/T for Signal and charged current BGs are large
⌘f is asymmetric (forward jet-tagging)

Jaime Hernandez Sanchez (FCE-BUAP) Flavor violating signatures of lighter and heavier Higgs bosons within Two Higgs Doublet Model type III at the LHeC28. April 2015 14 / 20

We applied the following basic preselections:
following basic pre-selections:

p
q

T
> 15.0 GeV,�R(q, q) > 0.4 (4.1)

where �R = �⌘
2 + ��

2, where ⌘ and � are the pseudo-rapidity and azimuthal angle

respectively. We take mt=173.3 GeV as pole mass. All the masses and mass parameters

in our analysis are in GeV. We set the renormalization and factorization scale at Z-boson

masses (approximately the momentum transfer scale for signal) and set CTEQ6L[72] parton

distribution function, with ↵s (the strong coupling constant) evaluated consistently at all

stages (PDFs, hard scattering and decays). We took all the low flavored quarks, gluon and

also the b-quark fluxes inside the proton. We also considered the appropriate flavor-mixing

where appropriate using the present values. The top-quark and W-boson are allowed to be

decayed freely and has been taken care once the event is fed into PYTHIA [73]. The signal

cross-sections, branching ratios and cross-sections multiplied with the branching ratios,

are tabulated in Table.1. The signal processes in our considerations are unique kinematic

profiles. In particular the final state quarks transverse momentum is less than the mass

of the vector bosons, its energy is very high with small angle to the beam directions, i.e.,

high forward rapidity. The rapidity of the forward jet (jf ) is shown in the right panel

of Fig.2. These processes [74] and the kinematical features to discover the Higgs boson

has been studied since long [75]. The parton level study has been performed within SM

recently in [76]. In the context of beyond SM the cross-section estimates with taking into

the NLO factor has been performed in [77] but no signal and background studies. However

dedicated simulation in the event generator level has not been done extensively and we

focus on these aspects and most importantly discovering two Higgs bosons simultaneously

in the flavor-violating modes.

4.2 Backgrounds

There are mainly two groups of backgrounds to our Higgs signal. The charged-current

backgrounds: ⌫tb̄, ⌫bb̄j, ⌫b2j, ⌫3j and the photo-production backgrounds: e
�
bb̄j, e�tt̄.

For estimating the cross-sections of these SM backgrounds, we used the same pre-selections

like signal, Eqn.4.1, and identical conventions and parameter sets. The expected number

of events for 100 fb
�1 integrated Luminosity are given in the third column of Table 2. We

generated these events using CalcHEP v3.4.7 [66].

4.3 Simulations

We passed the CalcHEP v3.4.7 [66] generated parton level event on to PYTHIA v.6.408

[73], which handles the parton shower (both initial and final), hadronization, heavy hadron

decays etc. The final state radiation smears the four-momentum of the jets, thus the

invariant mass of the Higgs boson signal is less than the actual values considered in the

event. We also took the experimental resolutions of the jet angles and energy using the

toy calorimeter PYCELL, in accordance with the LHeC detector parameters, given in

PYTHIA. This has some non-trivial e↵ect since we used the invariant mass to isolate

the Higgs signal. In our study we considered the LHC type calorimeter for the LHeC.
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We consider only !.bs > 0.15 fb; at 
least 15 events for 100 fb^(-1)

MET(E/T ) and Rapidity of forward jet (⌘f )

E/T for Signal and charged current BGs are large
⌘f is asymmetric (forward jet-tagging)

Jaime Hernandez Sanchez (FCE-BUAP) Flavor violating signatures of lighter and heavier Higgs bosons within Two Higgs Doublet Model type III at the LHeC28. April 2015 14 / 20

15

Process: e�p ! ⌫e�qf ; � ! bs̄ +h.c.

2HDM tan � X Y Z h=125 H=130 H=150 H=170
bs �.bs bs �.bs bs �.bs bs �.bs

Ia2 2 0.76 0.29 0.75 0.330 0.22 0.077 0.011 0.003
Ia15 15 -cot � cot � -cot � 12.0 11.7 0.71 0.006 0.58 0.004 0.20 0.001
Ia30 30 12.8 19.1 3.16 0.088 2.50 0.027 0.80 0.005
Ib2 2 0.76 0.30 0.75 0.33 0.22 0.077 0.011 0.003

Ib15 15 -cot � cot � -cot � 8.6 7.6 23.6 5.16 8.34 1.39 0.49 0.065
Ib30 30 10.9 11.5 25.2 7.5 16.9 3.18 1.85 0.240
IIa2 2 0.008 0.007 15.6 0.17 4.68 0.033 0.58 0.003

IIa15 15 tan � cot � tan � 0.48 0.41 13.1 0.14 12.6 0.090 8.84 0.046
IIa30 30 2.34 1.97 13.1 0.14 13.1 0.092 11.7 0.061
Y2 2 1.33 1.12 2.62 0.026 1.90 0.013 0.50 0.0026

Y15 15 tan � cot � -cot � 0.29 0.24 20.2 0.220 4.94 0.036 0.57 0.0030
Y30 30 3.98 3.36 46.8 0.518 46.0 0.336 39.2 0.2071

� = h,H; bs units of 10�2 and �.bs units of fb.
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than one low flavor jet): are criterions to enhance the signal to the SM backgrounds.   
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We applied the following basic preselections:
following basic pre-selections:

p
q

T
> 15.0 GeV,�R(q, q) > 0.4 (4.1)

where �R = �⌘
2 + ��

2, where ⌘ and � are the pseudo-rapidity and azimuthal angle

respectively. We take mt=173.3 GeV as pole mass. All the masses and mass parameters

in our analysis are in GeV. We set the renormalization and factorization scale at Z-boson

masses (approximately the momentum transfer scale for signal) and set CTEQ6L[72] parton

distribution function, with ↵s (the strong coupling constant) evaluated consistently at all

stages (PDFs, hard scattering and decays). We took all the low flavored quarks, gluon and

also the b-quark fluxes inside the proton. We also considered the appropriate flavor-mixing

where appropriate using the present values. The top-quark and W-boson are allowed to be

decayed freely and has been taken care once the event is fed into PYTHIA [73]. The signal

cross-sections, branching ratios and cross-sections multiplied with the branching ratios,

are tabulated in Table.1. The signal processes in our considerations are unique kinematic

profiles. In particular the final state quarks transverse momentum is less than the mass

of the vector bosons, its energy is very high with small angle to the beam directions, i.e.,

high forward rapidity. The rapidity of the forward jet (jf ) is shown in the right panel

of Fig.2. These processes [74] and the kinematical features to discover the Higgs boson

has been studied since long [75]. The parton level study has been performed within SM

recently in [76]. In the context of beyond SM the cross-section estimates with taking into

the NLO factor has been performed in [77] but no signal and background studies. However

dedicated simulation in the event generator level has not been done extensively and we

focus on these aspects and most importantly discovering two Higgs bosons simultaneously

in the flavor-violating modes.

4.2 Backgrounds

There are mainly two groups of backgrounds to our Higgs signal. The charged-current

backgrounds: ⌫tb̄, ⌫bb̄j, ⌫b2j, ⌫3j and the photo-production backgrounds: e
�
bb̄j, e�tt̄.

For estimating the cross-sections of these SM backgrounds, we used the same pre-selections

like signal, Eqn.4.1, and identical conventions and parameter sets. The expected number

of events for 100 fb
�1 integrated Luminosity are given in the third column of Table 2. We

generated these events using CalcHEP v3.4.7 [66].

4.3 Simulations

We passed the CalcHEP v3.4.7 [66] generated parton level event on to PYTHIA v.6.408

[73], which handles the parton shower (both initial and final), hadronization, heavy hadron

decays etc. The final state radiation smears the four-momentum of the jets, thus the

invariant mass of the Higgs boson signal is less than the actual values considered in the

event. We also took the experimental resolutions of the jet angles and energy using the

toy calorimeter PYCELL, in accordance with the LHeC detector parameters, given in

PYTHIA. This has some non-trivial e↵ect since we used the invariant mass to isolate

the Higgs signal. In our study we considered the LHC type calorimeter for the LHeC.
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ij ¼ Hd

ijðd → l; X → ZÞ; ð6Þ

Ad
ij ¼ −Xδij þ

fðXÞffiffiffi
2

p
ffiffiffiffiffiffiffi
mdj

mdi

s
~χdij;

Al
ij ¼ Ad

ijðd → l; X → ZÞ;

Au
ij ¼ Ad

ijðd → u; X → YÞ; ð7Þ

huij ¼ ξuhδij −
ðξuH þ YξuhÞffiffiffi

2
p

fðYÞ

ffiffiffiffiffiffiffi
muj

mui

s
~χuij;

Hu
ij ¼ ξuHδij þ

ðξuh − YξuHÞffiffiffi
2

p
fðYÞ

ffiffiffiffiffiffiffi
muj

mui

s
~χuij; ð8Þ

Xij ¼
X3

l¼1

ðVCKMÞil
"
X
mdl

mdj
δlj −

fðXÞffiffiffi
2

p
ffiffiffiffiffiffiffi
mdl

mdj

s
~χdlj

#
; ð9Þ

Yij ¼
X3

l¼1

"
Yδil −

fðYÞffiffiffi
2

p
ffiffiffiffiffiffiffimul

mui

r
~χuil

#
ðVCKMÞlj; ð10Þ

Zl
ij ¼

"
Z
mli

mlj
δij −

fðZÞffiffiffi
2

p
ffiffiffiffiffiffiffi
mli

mlj

s
~χlij

#
; ð11Þ

where fðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x2

p
, ξfϕ are related to the trigonometric

ratios (i.e., cos α=sin β, sin α=sin β, cos α=cos β, sin α=cos β)
and the parameters X, Y, and Z can be related to tan β or
cot β, according to the various incarnations of 2HDMs [20].
Taking into account that the Higgs-fermion-fermion (ϕff)

coupling in the 2HDM-III is written as gϕff2HDM-III ¼
gϕff2HDM-any þ Δg, where gϕff2HDM-any is the coupling ϕff in
some of the 2HDMs with discrete symmetry and Δg is the
contribution of the four-zero texture,5 it was pointed out in
[20] that this Lagrangian could also represent a multi-Higgs
doublet model (MHDM) [72] or an aligned 2HDM
(A2HDM) [13] with additional flavor physics in the
Yukawa matrices.
In the case of the decay of neutral Higgs bosons, the

diagrams which contribute involve only vertices like tt̄, tc̄,
tū, cū, bb̄, bs̄, bd̄, sd̄ in the quark sector. In almost all the
different versions of the 2HDM, except the lepton specific,
the most relevant Higgs boson decay diagrams are those in
which one has the couplings bb̄ and bs̄. It is clear that those
diagrams containing the top quark in the final state are
kinematically not allowed. Further, the fermion flavor
violating amplitudes in the 2HDMs are proportional to
ðX ffiffiffiffiffiffiffiffiffiffiffiffiffimqmq0

p Þ for quarks and ðZ ffiffiffiffiffiffiffiffiffiffiffiffiffi
mlml0

p Þ for leptons [see
Eqs. (4)–(6) and Table I]. Therefore the only relevant
diagram which violates fermion flavor is that containing the
coupling bs̄. In the case of the lepton specific model we
should take care that the diagram for the subprocess
h0 → bs̄ is proportional to the parameter X and the
subprocess h0 → τμ̄ is proportional to the parameter Z
and this could make the contribution of the latter larger than
the contribution of the former subprocess, because in this
case it could happen that Z ≫ X when tan β is large.
Here, we consider three different incarnations of the

2HDM-III, which correspond to the four 2HDM types
already described except the lepton specific one, as here
leptonic branching ratios (BRs) are dominant, whereas we
intend to look for an enhancement in the Higgs to bs̄ decay
because of flavor violation. We will finally show that, in

TABLE I. Parameters for few optimistic benchmark points in the 2HDM-III as a 2HDM-I, -II and -Y configuration. Here bs stands for
BRðϕ → bs̄þ b̄sÞ, in units of 10−2, where ϕ ¼ h, H, while σ:bs stands for the cross section multiplied by the above BR as obtained at
the LHeC in units of fb. We have analyzed only the benchmarks where the σ:bs is greater than 0.15 fb, so that at least 15 events are
produced for 100 fb−1.

mh ¼ 125 GeV mH ¼ 130 GeV mH ¼ 150 GeV mH ¼ 170 GeV

2HDM X Y Z bs σ:bs bs σ:bs bs σ:bs bs σ:bs

Ib35 28 10 28 15.66 6.392 51.8 1.209 51.6 0.30 1.58 0.117
Ib47 30 5 30 16.14 3.086 48.2 10.983 48.0 0.127 1.80 0.839
Ib57 44 5 44 17.58 11.861 38.6 5.14 38.4 2.303 3.68 0.137

IIa11 20 2 20 1.42 1.055 25.2 0.097 25.0 0.091 24.8 0.085
IIa14 26 2 26 1.44 1.651 26.0 0.059 25.8 0.054 25.6 0.049
IIa26 36 1 36 1.46 1.621 26.4 0.045 26.2 0.042 26.0 0.038

Ya11 20 2 −2 1.42 1.084 25.2 0.062 25.0 0.059 24.8 0.054
Ya12 22 2 −2 1.44 1.078 25.6 0.057 25.4 0.053 25.2 0.048
Ya14 26 2 −2 1.46 1.441 26.0 0.057 25.8 0.053 25.6 0.049

5For example, one can recovers the Yukawa interactions given
in Refs. [72–74] with χfij ¼ 0.
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to the contributions from mis-tagging one extra hadronic W , i.e, two extra jets. Finally, the efficiency of 3j is
approximately 4%, which seems consistent with the expected mis-tagging rates (1.0% for light-flavor jets and
10% for c-jets) in presence of combinatorics.

• c(C): We demanded at least two central jets, with pT > 30 GeV (pT > 25, 20 and 15 GeV for mH=130, 150
and 170 GeV, respectively9) in the pseudo-rapidity range |η| < 2.5. One of the central jet must be a b-tagged
jet and we demanded only one b-tagged jet (same). For the lighter Higgs, h, all the signal benchmarks as well
as the tb̄ noise survive at the rate of approximately 65% since all these processes naturally have three jet in
their events. Further, e2bj and 2bj are reduced by approximately 35% and 50%, respectively, mainly due to
demanding, with respect to the b(B) case above, of one b-tagged jet only. The diagrams of tb and e2t reveal
that these two backgrounds are more central, because of the presence of one t-quark in the central region. In
fact, the efficiency is larger in e2t and is mainly due to the contributions from the additional t-quark. Although
in 2bj the probability in presence of one b-tagged in the central region is large the overall efficiency is reduced
to 12% due to (partly) the possibility of more than one b-tagged jets whereas for Wb the value is mainly due
to the hadronic branching fraction and also that the b-tagged jet is not necessary central. In case of e2bj the
efficiency is 35%: this noise suffers mainly due to the centrality criterion. For 3j, none of the events survived
this selection criterion. The efficiencies pattern discussed above are similar for the heavier Higgs boson, H , yet
recall that here we have used slightly softer selections on the transverse momentum. Thus, the efficiencies are
increasing with a softer pT selection for both signals and backgrounds.

• d(D): The missing transverse energy cut E/T > 20 GeV is first applied (same). The relevant distribution is
shown in the left panel of Fig. 9. For all the signal benchmarks (lighter as well heavier Higgs bosons), tb̄ and b2j

FIG. 9. The missing energy (E/T ) (left panel) and rapidity (ηjf ) (right panel) profile of the forward jet for signals and SM
backgrounds. The E/T distributions for all other signal benchmarks as well as the tb̄ noise are not shown as they are very
similar to the signal distributions of mH=150 GeV for Scenario Ib with X = Z = 28 and Y = 10 (shown in thick solid),
whereas the thin solid is for mh=125 GeV for Scenario Ia with X = Z = 28 with Y = 10. The rapidity distributions profile
for mH=130(170) GeV is very close to the mh=125 GeV(mH=130 GeV) case shown in thin solid, except that for massive
Higgs the peaks shift towards the left. Also the corresponding rapidity distribution profile for e2bj is somewhat similar to the
mh=125 GeV signal case.

the efficiencies are approximately 83%. The sources of neutrinos and the event structures of these two processes
are very similar, except for the fact that the top-quark decays produce either neutrinos (which are then pure
sources of missing energy but in such a case, owing to the selection a(A), they are largely removed) or quarks
(where the smearing of jets and track mis-measurements are the main sources of missing energy). For 2bj the
efficiencies are approximately 96%. This selection is crucial to suppress the photo-production processes: e2bj
and e2t. In case of e2bj only 12% of the events survive in fact. For e2t the presence of two W -bosons and their

9 Since the cross sections become smaller with increasing mH , we lowered the central jet pT cuts.
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FIG. 5. The missing energy (ET ) (left panel) and rapidity (ηjf ) (right panel) profile of the forward jet for signals and SM backgrounds.
The ET distributions for all other signal benchmarks as well as the tb̄ noise are not shown as they are very similar to the signal
distributions of mH ¼ 150 GeV for Scenario Ib with X ¼ Z ¼ 28 and Y ¼ 10 (shown in thick solid), whereas the thin solid is for
mh ¼ 125 GeV for Scenario Ia with X ¼ Z ¼ 28 with Y ¼ 10. The rapidity distributions profile formH ¼ 130ð170Þ GeV is very close
to the mh ¼ 125 GeVðmH ¼ 130 GeVÞ case shown in thin solid, except that for massive Higgs the peaks shift toward the left. Also the
corresponding rapidity distribution profile for e2bj is somewhat similar to the mh ¼ 125 GeV signal case.

FIG. 6. The dijet invariant mass, made up by one b-tagged and one light-flavor jet, producing Higgs candidates,Mϕ ¼ Mbj (left panel)
and the three-jet invariant mass, i.e., the previous two jets combined together with the forward jet,Mϕjf (right panel). The mass peaks of
the Higgs signals (Mϕ) correspond to mh ¼ 125 (thin black) for Scenario Ia, mH ¼ 150 (thick black) and 170 (thin black) for Scenario
Ib from left to right. All these are using the parameters X ¼ Z ¼ 28 and Y ¼ 10. The distribution for mH ¼ 130 is not shown but it lies
in between mh ¼ 125 and mH ¼ 150. Among all SM backgrounds, only 2bj shows a prominent peak from the Z-boson. Notice that
Mϕjf represents the overall energy scale of the hard-scattering.
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hSM=125 GeV:3-jet+E/T with 100 fb�1

a: Nj >⇠ 3

b: Nb�tag >⇠ 1 (with ✏b=0.50, ✏c=0.10 and ✏j =0.01, where j=u,d,s,g)

cd : at least two central jets (within ⌘ < 2.5) with E/T > 20GeV

e: lepton (e or µ) veto with pT > 20 GeV and ⌘ < 3.0
f: in the central region: |Mbj � Mh(H)| is minimum and with 15 GeV mass windows.

g: remaining leading jet with pT > 25 GeV and �5.5 < ⌘ < �0.5
h: m�j

f
> 190 GeV

Proc RawEvt a b cd e f g h i S
Ia2 29.9 21.1 8.3 4.6 4.4 1.8 1.5 1.3 0.8 0.06(0.19)
Ia15 1166.3 814.3 320.2 173.0 166.6 67.3 56.6 44.2 27.7 2.12(6.7)
Ia30 1911.1 1294.7 539.0 282.7 274.6 102.5 78.7 46.6 29.3 2.24(7.1)
Ib2 30.0 21.0 8.1 4.5 4.3 1.8 1.5 1.3 0.8 0.06(0.19)
Ib15 761.5 521.0 212.5 113.3 109.6 42.1 33.5 23.2 15.0 1.15(3.6)
Ib30 1145.3 776.2 323.1 170.6 165.3 63.3 48.6 29.5 18.8 1.44(4.55)
IIa15 40.6 28.6 11.1 6.1 5.9 2.3 2.0 1.7 1.1 0.08(0.25)
IIa30 197.0 139.3 53.9 30.0 28.9 11.6 10.0 8.4 5.2 0.39(1.23)
Y2 112.2 79.0 30.5 16.9 16.3 6.4 5.5 4.6 2.9 0.22(0.69)
Y15 24.2 17.0 6.6 3.7 3.5 1.4 1.2 1.0 0.6 0.05(0.15)
Y30 336.0 237.7 92.8 52.1 50.2 20.1 17.1 14.4 9.2 0.70(2.2)

⌫t b̄ 50712.1 28338.4 15293.7 8144.2 7532.7 2982.1 2058.0 652.2 139.6
⌫bb̄j 14104.6 6122.8 3656.7 1787.1 1650.1 257.5 152.5 85.2 15.1
⌫b2j 18043.1 8389.2 3013.0 1445.5 1373.7 389.5 206.1 77.2 11.3 B=170.8
⌫3j 948064.2 410393.4 15560.9 0.0 0.0 0.0 0.0 0.0 0.0

p
B=13.1

ebb̄j 256730.1 55099.8 36353.6 1432.0 200.7 54.1 24.8 18.0 4.5
et t̄ 783.3 685.0 384.5 179.3 26.2 11.6 10.5 3.9 0.3

Jaime Hernandez Sanchez (FCE-BUAP) Flavor violating signatures of lighter and heavier Higgs bosons within Two Higgs Doublet Model type III at the LHeC28. April 2015 16 / 20

Details in arXiv: 1503.01464

→3j not survive and photo production is reduced

i: We required only one low flavored jet in the central regions (this has severe impact on the processes)

Results in () is for 1000 fb^(-1)
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Higgs bosons h and H, which reach events rates of order
500–1300 (5000–13000) with an integrated luminosity of
100 fb−1 (1000 fb−1), although Scenarios IIa and Y also
have some interesting benchmark points where one can
obtain 17 events rates at the same luminosity. Table I shows
the benchmark points that we select as interesting for
studies at the LHeC. There are twenty-seven in total,
obtained by taking the same three different values of the
H mass (mH ¼ 130, 150, 170 GeV) in correspondence to
nine different configurations of the other parameters. The
products of cross sections times the relevant BRs (σ:bs) are
shown in Table I.
Restricting ourselves to the points for which the

inclusive event rates are most optimistic, all estimated
by taking all the light-flavor quarks, the b-quark and the
gluon as fluxes inside the proton and upon considering
appropriate flavor-mixing where appropriate, we have then
proceeded as follows. The top-quark and W-boson were
allowed to decay freely as implemented in PYTHIA [88].
Following this, it was recognized that the signal processes
have unique kinematic profiles. In particular, the final state
quark transverse momentum is less than the mass of the
vector bosons, its energy is very high with a small angle
with respect to the beam directions (i.e., high forward
rapidity). This will serve as guidance in our event

selection. However, before proceeding further in this
direction, we have to acknowledge at this point that these
processes and their kinematic features to discover generic
Higgs bosons have been studied for a long time [89–97].
Further parton level studies have been performed within
the SM recently in [98]. In the context of BSM physics,
cross section estimates while taking into account next-to-
leading order (NLO) correction factors have been per-
formed in [99] but no signal and background studies have
been reported therein. In fact, dedicated simulations at the
event generator level have not been done extensively and
we focus here on these aspects, most importantly, with the
intent of detecting two Higgs bosons simultaneously in
novel flavor-violating modes.

B. Backgrounds

There are mainly two groups of SM noise to our Higgs
signals. The charged-current backgrounds, νtb̄, νbb̄j, νb2j,
ν3j, and the photo-production ones, e−bb̄j, e−tt̄. For
estimating the cross sections of these SM backgrounds,
we have used the same preselections like for the signal,
Eq. (14), and identical conventions and parameter sets. The
expected number of events for 100 fb−1 of integrated
luminosity are given in the third column of Table II.

FIG. 2. Event rates ðσ:BR:LÞ at parton level for the neutral Higgs boson h (left panel) andmH ¼ 130 GeV (right panel), where L is the
integrated luminosity. We show Scenario Ib for 100 fb−1. We consider mh ¼ 125 GeV.

FIG. 3. The same as Fig. 2, but now for the Scenario IIa. Similar results for Scenario Y are obtained.

FLAVOR VIOLATING SIGNATURES OF LIGHTER AND … PHYSICAL REVIEW D 94, 055003 (2016)

055003-7

Higgs bosons h and H, which reach events rates of order
500–1300 (5000–13000) with an integrated luminosity of
100 fb−1 (1000 fb−1), although Scenarios IIa and Y also
have some interesting benchmark points where one can
obtain 17 events rates at the same luminosity. Table I shows
the benchmark points that we select as interesting for
studies at the LHeC. There are twenty-seven in total,
obtained by taking the same three different values of the
H mass (mH ¼ 130, 150, 170 GeV) in correspondence to
nine different configurations of the other parameters. The
products of cross sections times the relevant BRs (σ:bs) are
shown in Table I.
Restricting ourselves to the points for which the

inclusive event rates are most optimistic, all estimated
by taking all the light-flavor quarks, the b-quark and the
gluon as fluxes inside the proton and upon considering
appropriate flavor-mixing where appropriate, we have then
proceeded as follows. The top-quark and W-boson were
allowed to decay freely as implemented in PYTHIA [88].
Following this, it was recognized that the signal processes
have unique kinematic profiles. In particular, the final state
quark transverse momentum is less than the mass of the
vector bosons, its energy is very high with a small angle
with respect to the beam directions (i.e., high forward
rapidity). This will serve as guidance in our event

selection. However, before proceeding further in this
direction, we have to acknowledge at this point that these
processes and their kinematic features to discover generic
Higgs bosons have been studied for a long time [89–97].
Further parton level studies have been performed within
the SM recently in [98]. In the context of BSM physics,
cross section estimates while taking into account next-to-
leading order (NLO) correction factors have been per-
formed in [99] but no signal and background studies have
been reported therein. In fact, dedicated simulations at the
event generator level have not been done extensively and
we focus here on these aspects, most importantly, with the
intent of detecting two Higgs bosons simultaneously in
novel flavor-violating modes.

B. Backgrounds

There are mainly two groups of SM noise to our Higgs
signals. The charged-current backgrounds, νtb̄, νbb̄j, νb2j,
ν3j, and the photo-production ones, e−bb̄j, e−tt̄. For
estimating the cross sections of these SM backgrounds,
we have used the same preselections like for the signal,
Eq. (14), and identical conventions and parameter sets. The
expected number of events for 100 fb−1 of integrated
luminosity are given in the third column of Table II.

FIG. 2. Event rates ðσ:BR:LÞ at parton level for the neutral Higgs boson h (left panel) andmH ¼ 130 GeV (right panel), where L is the
integrated luminosity. We show Scenario Ib for 100 fb−1. We consider mh ¼ 125 GeV.

FIG. 3. The same as Fig. 2, but now for the Scenario IIa. Similar results for Scenario Y are obtained.
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(ix) i(I): Finally, we required only one light-flavor jet in
the central region (same). This selection is called
“central jet veto” and has severe impact on all
processes having more jets in the central rapidity
region, other than the Higgs candidate jets. Recall
that our Higgs signal candidate jets, selected in f(F)
above, are central: this is true for not only the signal,
but also the dominant SM background, tb̄. For a
lighter SM Higgs, see Table II, approximately
35–40% of the events have a central jet other than
Higgs candidate jets, thus only 60–65% of the events
survive. For tb̄, νb2j and ν2bj the efficiencies are
22%, 18% and 14%, respectively. Among all the SM
backgrounds, e2t has a larger number of jets (see the
distributions in the left panel of Fig. 4), thus the

probability of having a central jet is more, so that this
selection suppresses this background severely, ap-
proximately by 93% (for all the Higgs cases, see
Tabs. II–V).

After the cumulative selections froma–i, discussed above,
we find that, for the SM Higgs boson with mh ¼ 125, the
final number of events is around 15–30 only for Scenario Ib
and for large values of the parameters X ¼ Z ¼ 28ð44Þ and
Y ¼ 10ð5Þ respectively. The total SM background rate is
approximately 170. The charged-current backgrounds, νtb̄,
νbb̄j and νb2j, are the dominant ones and only 3% of the
total background comes from ett̄ photo-production. These
rates lead to a maximum significance of approximately
2.4 ð7.5Þσ with 100 ð1000Þ fb−1 integrated luminosity for
Scenario Ib with X ¼ Z ¼ 44 and Y ¼ 5. For Scenario Ib

TABLE III. Same as Table II but formH ¼ 130 GeV. The criterion for jets and b-tagging are the same, so that the number of events in
column A and B are the same for all SM backgrounds.

Proc SimEvt RawEvt A B C D E F G H I S

Ib35 100 K 120.9 87.1 34.1 26.9 22.5 21.6 7.5 6.1 5.3 3.4 0.28(0.88)
Ib47 100 K 1098.3 790.3 307.1 243.9 204.6 195.7 68.5 56.1 48.6 31.3 2.6(8.1)
Ib57 100 K 514.0 371.2 144.8 115.0 96.0 92.0 31.7 25.8 22.7 14.3 1.2(3.7)

IIa11 100 K 9.7 6.8 2.7 2.1 1.8 1.7 0.6 0.4 0.3 0.2 0.02(0.05)
IIa14 100 K 5.9 4.2 1.7 1.3 1.1 1.0 0.4 0.3 0.2 0.1 0.01(0.02)
IIa26 100 K 4.5 3.1 1.3 1.0 0.8 0.8 0.3 0.2 0.1 0.1 0.01(0.02)

Ya11 100 K 6.2 4.4 1.8 1.4 1.1 1.1 0.4 0.3 0.2 0.1 0.01(0.02)
Ya12 100 K 5.7 4.0 1.6 1.3 1.0 1.0 0.3 0.2 0.2 0.1 0.01(0.02)
Ya14 100 K 5.7 4.0 1.6 1.3 1.0 1.0 0.3 0.2 0.2 0.1 0.01(0.02)

νtb̄ 100 K 50712.1 28338.4 15293.7 10976.4 9092.4 8393.6 2550.9 1565.5 617.9 113.7
νbb̄j 560 K 14104.6 6122.8 3656.7 2145.5 2062.1 1902.9 266.6 141.0 87.5 14.4
νb2j 90 K 18043.1 8389.2 3013.0 2053.6 1734.0 1650.1 402.8 143.7 64.5 8.1 B ¼ 147.8
ν3j 300 K 948064.2 410393.4 15560.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0

ffiffiffiffi
B

p
¼ 12.2

ebb̄j 115 K 256730.1 55099.8 36353.6 16838.4 1826.6 284.1 56.4 31.6 22.6 11.3
ett̄ 130 K 783.3 685.0 384.5 280.8 190.8 27.8 10.9 9.3 3.9 0.3

TABLE IV. Same as Table III but for mH ¼ 150 GeV.

Proc SimEvt RawEvt A B C D E F G H I S

Ib35 100 K 30.0 23.3 9.1 8.2 6.9 6.5 1.5 1.3 1.2 0.8 0.10(0.33)
Ib47 100 K 12.7 9.9 3.8 3.4 2.9 2.7 0.6 0.5 0.5 0.3 0.04(0.12)
Ib57 100 K 230.3 179.6 69.3 62.6 52.6 49.9 11.7 10.1 9.1 6.4 0.83(2.62)

IIa11 100 K 9.1 6.9 2.7 2.4 2.0 1.9 0.4 0.4 0.3 0.2 0.026(0.08)
IIa14 100 K 5.4 4.1 1.6 1.4 1.2 1.1 0.3 0.2 0.2 0.1 0.013(0.04)
IIa26 100 K 4.2 3.2 1.3 1.1 0.9 0.9 0.2 0.1 0.1 0.1 0.013(0.04)

Ya11 100 K 5.9 4.5 1.8 1.6 1.3 1.2 0.3 0.2 0.2 0.1 0.013(0.04)
Ya12 100 K 5.3 4.0 1.6 1.4 1.2 1.1 0.3 0.2 0.2 0.1 0.013(0.04)
Ya14 100 K 5.3 4.0 1.6 1.4 1.2 1.1 0.3 0.2 0.2 0.1 0.013(0.04)

νtb̄ 100 K 50712.1 28338.4 15293.7 11810.9 9808.7 9039.0 751.7 476.8 194.5 32.3
νbb̄j 560 K 14104.6 6122.8 3656.7 2395.6 2300.1 2120.8 199.3 112.4 70.8 12.4
νb2j 90 K 18043.1 8389.2 3013.0 2427.2 2030.3 1933.1 234.2 83.7 41.0 6.3 B ¼ 60.1
ν3j 300 K 948064.2 410393.4 15560.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0

ffiffiffiffi
B

p
¼ 7.7

ebb̄j 115 K 256730.1 55099.8 36353.6 21280.9 2270.8 385.6 36.1 24.8 20.3 9.0
ett̄ 130 K 783.3 685.0 384.5 291.5 199.0 29.1 3.5 3.0 1.2 0.1
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2HDM-III X Y Z mh = 125 GeV mH = 130 GeV mH = 150 GeV mH = 170 GeV

bs �.bs bs �.bs bs �.bs bs �.bs

Ib57 44 5 44 93.22 784 20.2 46.06 17.12 33.56 3.54 6.05

IIa14 26 2 26 1.52 15.2 28.3 10.64 28.4 7.51 28.4 5.72

TABLE I. FCC-eh rates for our 2HDM-III BPs, where bs stands for BR(� ! bs̄ + b̄s) in units of 10�2 while �.bs stands for
the cross section �(ep ! ⌫e�q) (q = light flavor quark) times the above BR in units of fb.

I. INTRODUCTION

The SM seems well established after finding a Higgs boson at the ATLAS [1] and CMS [2] experiments of the

Large Hadron Collider (LHC) with features consistent with its predictions. However, there are several Beyond the

SM (BSM) scenarios that survive the same data. Recalling that the discovered Higgs state is part of a doublet,

an intriguing possibility for a BSM scenario is the 2HDM-III [3–5], wherein flavor violating decays of neutral Higgs

bosons can appear at tree level (e.g., � ! sb̄ + c.c., where � = h,H [6]). Motivated by this, we focus here on the

feasibility of observing these FCNC decays at the possible future FCC-eh at CERN, with center-of-mass energy 3.5

TeV and capable of delivering an integrated luminosity up to L = 3 ab
�1

. It is worth pointing out that the FCC-eh

also foresees a ±80% longitudinally polarized electron beam. In this contribution, which builds upon previous Large

Hadron-electron Collider (LHeC) work [7] within the same theoretical context, covering both neutral [6, 8] and charged

[9] signals, we describe briefly the 2HDM-III, then we readapt our previous LHeC studies to the FCC-eh machine and

finally conclude.
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Following [5], one can get a generic expression for the couplings of the neutral Higgs bosons to the fermions, as:

Lf̄ifj� = �1

v

n
f̄imfih

f
ijfjh

0
+ f̄imfiH

f
ijfjH

0 � if̄imfiA
f
ijfj�5A

0
o
, (1)

where �
f
ij (� = h,H,A), are given in [5] and the ff̄� couplings in the 2HDM-III are g

ff̄�

2HDM�III
= g

ff̄�

2HDM�any
+�g, where

g
ff̄�

2HDM�any
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texture, where FCNC are generated at tree level and controlled by four-texture approach in the Yukawa matrices [3, 5].

III. NUMERICAL ANALYSIS

The Benchmark Points (BPs) of the 2HDM-III adopted here were defined in [6], to which we refer the reader. (Note that
mh = 125 GeV.) Tab. I shows their relevant FCC-eh (inclusive) cross sections and Branching Ratios (BRs). Details of the
numerical MC tools are also found in [6]. Tab. II gives the final signal (S, summed over � = h,H) and (individual) background
rates, together with the corresponding significance ⌃ ⌘ S/

p
B up to the maximum luminosity achievable at the FCC-eh, taking

a (�80%) longitudinally polarized electron. Herein, the labels a–f correspond to the steps adopted in the signal extraction
(again, see [6] for its rationale), as follows:

a) We require N(j) = 3 for the number of jets, one of which has to be b-tagged, and place a lepton veto N(l) = 0.
b) We select a missing energy E/ > 20 GeV and a hadronic tranverse energy HT > 130 GeV.
c) We enforce the transverse momentum for the jets to be pT (jb) > 30 GeV , pT (j1) > 40 GeV and pT (j2) > 30 GeV.
d) We restrict the jet pseudo-rapidities as |⌘(jb)| < 2.5, |⌘(j1)| < 2.5 (central) and |⌘(j2)| > 1.5 (forward).
e) We enable a cone separation amongst jets candidates to h o H �R(jb, j1) < 3, it is a central di-jet. We enforce a isolation
coditions for j1 and j2 �R(j1, j2) > 2.5.
f) Finally, we sample on the di-jet invariant mass (m� � 25 GeV) < Mjbj1 < m�.

The final shape of the invariant mass distribution of the bs̄+ b̄s system, Mbs, for signal and individual backgrounds is finally
given in Fig. 1 (e.g., for maximum FCC-eh luminosity).
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Building upon phenomenological analyses already established for the LHeC, we have proven that the FCC-eh displays strong
sensitivity to FCNC signals of the 2HDM-III with a flavored texture, the latter being representative of parameter space regions
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S Higgs mass RawEvt a b c d e f ⌃

Ib57 mh = 125 GeV 784 k 21598 11841 6487 2875 1618 1038 11.17(19.36)

mH = 130 GeV 228k 3732 2217 1237 548 299 221 2.38(4.12)

mH = 150 GeV 196k 2935 1789 1024 511 265 93 1.75(3.02)

mH = 170 GeV 171k 1026 538 260 146 69 15 0.29(0.51)

IIa14 mh = 125 GeV 1000 k 56973 31397 17146 7346 3905 2600 28(48.5)

mH = 130 GeV 37.6k 2078 1236 698 353 130 67 0.72(1.25)

mH = 150 GeV 26.4k 1364 941 573 312 129 30 0.56(0.98)

mH = 170 GeV 20.17k 1043 778 499 285 124 25 0.49(0.85)

⌫tb̄ 13050k 415871 217059 107189 53849 16461 3956

⌫bb̄j 370k 19966 11621 5695 2231 814 488

⌫b2j 170k 3737 1348 603 284 114 23 B = 8622

⌫3j 92100k 837783 310678 111704 48871 23563 3927
p
B = 92.85

ebb̄j 44800k 222537 17329 6384 3420 1596 228

ett̄ 395k 134 95 67 36 12 0

TABLE II. Cut flow for signals and backgrounds, and corresponding significance for neutral Higgs bosons hSM and H, at the
FCC-eh with L = 1(3) ab�1.

FIG. 1. The Mjbj1 distribution for S and B after all cuts in Tab. II with L = 3 ab�1 for both BP given in the table I, for the
neutral Higgs bosons hSM (purple) and H with mass 130 GeV (green), 150 GeV (blue) and 170 GeV (red), respectively.

of this BSM scenario compliant with current experimental bounds coming from EW precision data, void searches for new Higgs
bosons, measurements of the discovered one as well as flavor observables.
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IIa14 mh = 125 GeV 1000 k 56973 31397 17146 7346 3905 2600 28(48.5)

mH = 130 GeV 37.6k 2078 1236 698 353 130 67 0.72(1.25)

mH = 150 GeV 26.4k 1364 941 573 312 129 30 0.56(0.98)

mH = 170 GeV 20.17k 1043 778 499 285 124 25 0.49(0.85)

⌫tb̄ 13050k 415871 217059 107189 53849 16461 3956

⌫bb̄j 370k 19966 11621 5695 2231 814 488

⌫b2j 170k 3737 1348 603 284 114 23 B = 8622

⌫3j 92100k 837783 310678 111704 48871 23563 3927
p
B = 92.85

ebb̄j 44800k 222537 17329 6384 3420 1596 228

ett̄ 395k 134 95 67 36 12 0

TABLE II. Cut flow for signals and backgrounds, and corresponding significance for neutral Higgs bosons hSM and H, at the
FCC-eh with L = 1(3) ab�1.

FIG. 1. The Mjbj1 distribution for S and B after all cuts in Tab. II with L = 3 ab�1 for both BP given in the table I, for the
neutral Higgs bosons hSM (purple) and H with mass 130 GeV (green), 150 GeV (blue) and 170 GeV (red), respectively.

of this BSM scenario compliant with current experimental bounds coming from EW precision data, void searches for new Higgs
bosons, measurements of the discovered one as well as flavor observables.
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I. INTRODUCTION

Now that a neutral Higgs boson has been discovered at the Large Hadron Collider (LHC) by the ATLAS [1] and
CMS [2] experiments, the SM appears to be fully established. However, the SM-like limit of Electro-Weak Symmetry
Breaking (EWSB) dynamics induced by a Higgs potential exists in several Beyond the SM (BSM) extensions of the
Higgs sector. Notably, the 2-Higgs Doublet Model (2HDM) in its versions Type I, II, III (or Y) and IV (or X),
wherein Flavour Changing Neutral Currents (FCNCs) mediated by (pseudo)scalars can be eliminated under discrete
symmetries [3], is an intriguing BSM candidate, owing to the fact that it implements the same fundamental doublet
construct of the SM (albeit twice), assumes the same SM gauge group and predicts a variety of new Higgs boson
states that may be accessible at the LHC. In fact, another, very interesting kind of 2HDM is the one where FCFNs
can be controlled by a particular texture in the Yukawa matrices [4]. In particular, in previous papers, we have
implemented a four-zero-texture in a scenario which we have called 2HDM Type III (2HDM-III) [5]. This model has a
phenomenology which is very rich, which we studied at colliders in various instances [6]–[12], and some very interesting
aspects, like flavour-violating quarks decays, which can be enhanced for neutral Higgs bosons with intermediate mass
(i.e., below the top quark mass). In particular, we have studied the signal φ0

i → sb̄ + h.c. (φ0
i = h, H) at the future

ep machine LHeC [7, 8]. Specifically, taking in account the characteristics of such a machine, we have established the
leading charged current production process e−p → νeφ0

i q followed by the signature φ0
i → sb̄ + h.c., by considering

3j + ET/ as final state, where j represents a jet and ET/ refers to missing transverse energy. Furthermore, in this
model, the parameter space can avoid the current experimental constraints from flavour and Higgs physics and a light
charged Higgs boson is allowed [11], so that the decay H− → bc̄ is enhanced and its Branching Ratio (BR) can be
dominant. In fact, this channel has been also studied in a variety of Multi-Higgs Doublet Models (MHDMs) [13, 14],
wherein the BR(H− → bc̄) ≈ 0.7− 0.8 and could afford one with a considerable gain in sensitivity to the presence of
a H− by tagging the b quark.

Previously, we had done a parton level study of the process e−p → νeH−b followed by the signal H− → bc̄ [6].
Herein, benchmarks scenarios had been presented, yet, they had not been subjected to the most recent experimental
results from Higgs boson physics, in particular, the latest measurement of the signal strength of h → bb̄ [15]. The
complete analysis and the reconstruction of this signal at detector level for the LHeC machine is presented here.
Furthermore, in this work, we tension the H− → bc̄ channel against the H− → τ ν̄τ one and contrast the scope of
the two modes in order to establish the sensitivity of the LHeC [16, 17] to the presence of light charged Higgs bosons
of the 2HDM-III. Specifically, we study the process e−p → νeH−q (Fig. 1), where q represents both a light flavour
ql = d, u, s, c and a b-quark, followed by the decays H− → bc̄ and τ ν̄τ (assuming in turn a leptonic decay of the τ into
an electron or muon). In the former case, we compare the signal yield against that of the main backgrounds: ν3j,
ν2bj, ν2jb and νtb. In the latter case, we consider instead the backgrounds νj$ν and νb$ν. (All relevant backgrounds
are schematically represented in Figs. 2–3.)

The plan of this paper is as follows. In the next section we describe the 2HDM-III. Then we discuss our results.
Finally, we conclude.
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FIG. 1. Feynman diagrams for the e− p → νeH−q process. Here, φ0
i = h,H,A, i.e., any of the neutral Higgs bosons of the

BSM scenario considered here (see below).
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FIG. 2. Feynman diagrams for the νejjj, νebjj and νebbj backgrounds (the change ql ↔ l and qk ↔ νl represents the νeνllj
and νeνllb backgrounds). Dash-dot lines represent boson fields: (pseudo)scalars and EW gauge bosons.

II. 2HDM-III

In the 2HDM-III, the two Higgs (pseudo)scalar doublets, Φ†
1 = (φ−

1 ,φ
0∗
1 ) and Φ†

2 = (φ−
2 ,φ

0∗
2 ), have hyper-charge +1

and both couple to all fermions. Here, a specific four-zero-texture is implemented as an effective flavour symmetry
in the Yukawa sector, which we have shown previously being the mechanism controlling FCNCs. Therefore, it is
not necessary to consider discrete symmetries in the Higgs potential [10, 11]. Then, one can study the most general
SU(2)L × U(1)Y invariant (pseudo)scalar potential given by:

V (Φ1,Φ2) = µ2
1(Φ

†
1Φ1) + µ2

2(Φ
†
2Φ2)−

(

µ2
12(Φ

†
1Φ2 + h.c.)

)

+
1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+

(

1

2
λ5(Φ

†
1Φ2)

2 + λ6(Φ
†
1Φ1)(Φ

†
1Φ2) + λ7(Φ

†
2Φ2)(Φ

†
1Φ2) + h.c.

)

, (1)

where we assume all parameters to be real1, including the Vacuum Expectation Values (VEVs) of the Higgs fields,
hence there is no CP-Violating (CPV) dynamics. Usually, when a discrete symmetry Φ1 → Φ1 and Φ2 → −Φ2 is

W−

t,b

b,t

e− νe

b,tg

FIG. 3. Feynman diagrams for the νebt background.

1 The µ2
12, λ5, λ6 and λ7 parameters could be complex in general.
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2HDM-III Parameters σ(ep → νeH
−q) (pb) BR(H− → bc̄) BR(H− → τ ν̄τ )

like- X Y Z mH± = 110 GeV 130 GeV 150 GeV 170 GeV mH± = 110 GeV mH± = 110 GeV

I 0.5 17.5 0.5 2.56 × 10−2 1.30 × 10−2 3.47 × 10−3 1.35 × 10−4 9.57× 10−1 2.5× 10−4

II 20 1.5 20 2.18 × 10−2 1.13 × 10−2 2.95 × 10−3 5.89 × 10−5 9.9× 10−1 2.22× 10−4

X 0.03 1.5 −33.33 6.49 × 10−2 3.39 × 10−2 8.83 × 10−3 2.34 × 10−4 9.28× 10−2 9.04× 10−1

Y 13 1.5 −1/13 6.41 × 10−2 3.27 × 10−2 8.47 × 10−3 2.2× 10−4 9.91× 10−1 6.12× 10−3

TABLE II. The BPs that we studied for the 2HDM-III in the incarnations like-I, -II, -X and -Y. We present cross sections and
BRs at Parton level, for some H± mass choices.

FIG. 6. Distributions for the process e−q → νeH−b followed by H− → bc̄: in the left panel we present the multiplicity of all
jets while in the right panel we present the multiplicity of the b-tagged ones. The like-Y case is illustrated. The normalisation
is to unity.

A. The process e−q → νeH
−b with H− → bc̄ for the 2HDM-III like-I, -II and -Y

In this subsection we discuss the final state with one b-tagged jet and one light jet (associated with the secondary
decay H− → bc̄) alongside a generic (i.e., light or b-tagged) forward jet (associated with the primary collision) plus
missing transverse energy. For this case, we apply the following cuts3.

I) First, we select only events with exactly three jets in the final state. Then, we reject all events without a b-tagged
jet. Hence, at this point, we keep events like 3j + ET/ with at least one b-tagged jet (see the histograms in Fig.
6). For these selections, our signal generally has an efficiency of 12% while the most efficient background νebbj
has a 10% response. The remaining backgrounds have efficiencies of 5%, 8% and 1% for νebt, νebjj and νejjj,
respectively.

II) The second set of cuts is focused on selecting two jets (one b-tagged, labelled as btag, and one not, labelled
as jc) which are central in the detector. First, we demand that PT (btag) > 30(40) GeV and PT (jc) > 20(30)
GeV for mH± = 110, 130(150, 170) GeV (here, PT is the transverse momentum). Then, we impose a cut on the
pseudorapidity |η(btag, jc)| < 2.5 of both these jets and, finally, select events in which 1.8(2) < ∆R(jc; btag) <
3.4(3.4) in correspondence of mH± = 110, 130(150, 170) GeV (where ∆R is the standard cone separation). Upon
enforcing these cuts, we find that our signal has a cumulative efficiency of 7.3%. The most efficient background
νebjj has a rate of 6% while the others show efficiencies of 3.3%, 3.7% and 0.3% (for νebt, νebbj and νejjj,
respectively). This information is easily drawn from Fig. 7.

III) The next cut is related to the selection of a forward third generic jet (it can be either a light jet or a b-tagged
one). Our selection for such a third jet is |η| > 0.6 (with a transverse momentum above 20 GeV). With this cut,
our signal shows an efficiency of 5.4% while 4.2% is the rate for the most efficient background (νebjj). The rest
of the backgrounds show efficiencies below 2% for νebbj and νebt or 0.3% for νejjj.

IV) The selection of the jet pair representing a H± candidate is made by considering only events for which the
invariant mass of the two central jets is in the vicinity of the (trial) mass of the charged Higgs boson. However,

3 For illustration, we assume the 2HDM-III like-Y scenario in our description, though the signal kinematics is essentially independent of
the theoretical setup, as it primarily depends on the mH± value.

6

FIG. 4. Event rates σ.BR.L at the LHeC with
√
sep ≈ 1.3 TeV, where σ ≡ σ(ep → νeH

−q) with q = ql or b is the production
cross section, L = 100 fb−1 is the integrated luminosity and BR is the decay fraction for the channel H− → bc̄, for the following
2HDM-III scenarios: like-I (left), like-II (centre) and like-Y (right).

GeV to 160 GeV [22]. Otherwise, assuming BR(H+ → cs̄) = 1, ATLAS and CMS set BR(t → H+b) ≈ 20% for
the mass range 90 GeV to 160 GeV [22]. Finally, quite recently, CMS set a limit of BR(t → H+b) = 0.5− 0.8%
for the case BR(H+ → cb̄) = 1 in the mass range 90 GeV to 150 GeV [43].

So, considering all experimental bounds and theoretical constraints, we proceed to choose several scenarios. Specif-
ically, we consider four scenarios, wherein relevant Benchmarks Points (BPs) are defined according to the standard
Yukawa prescriptions: Type I (where one Higgs doublet couples to all fermions); Type II (where one Higgs doublet
couples to the up-type quarks and the other to the down-type quarks); Type X (also called IV or ”Lepton-specific”,
where the quark couplings are Type I and the lepton ones are Type II); Type Y (also called III or ”Flipped” model,
where the quark couplings are Type II and the lepton ones are Type I).
For a light charged Higgs boson, in the 2HDM-III, the most important decay channels are H− → sc̄ and bc̄, when

Y $ X,Z (like-I scenario), X, Z $ Y (like-II scenario) or X $ Y, Z (like-Y scenario), in which cases the mode
H− → bc̄ receives a substantial enhancement, coming from the four-zero-texture implemented in the Yukawa matrices,
so as to obtain even a BR(H− → bc̄) ≈ 0.95, so that we focus on this decay, also owing to the fact that it can be
b-tagged, thus reducing in turn the level of background. However, for the case Z $ X,Y (like-X scenario), the decay
channel H− → τ ν̄τ is maximised, reaching a BR of 90 % or so [11], so that we will investigate this mode as well.
In this work, considering the parameter scan performed in [8], we adopt the following BPs, where the aforementioned

two decay channels (H− → bc̄ and H− → τ ν̄τ ) offer the most optimistic chances for detection.

• Scenario 2HDM-III like-I: cos(β − α) = 0.5, χu
22 = 1, χu

23 = 0.1, χu
33 = 1.4, χd

22 = 1.8, χd
23 = 0.1, χd

33 = 1.2,
χ"
22 = −0.4,χ"

23 = 0.1, χ"
33 = 1 with Y $ X, Z.

• Scenario 2HDM-III like-II: cos(β − α) = 0.1, χu
22 = 1, χu

23 = −0.53, χu
33 = 1.4, χd

22 = 1.8, χd
23 = 0.2, χd

33 = 1.3,
χ"
22 = −0.4,χ"

23 = 0.1, χ"
33 = 1 with X, Z $ Y .

• Scenario 2HDM-III like-X: the same parameters of scenario 2HDM-III like-II but Z $ X, Y .

• Scenario 2HDM-III like-Y: the same parameters of scenario 2HDM-III like-II but X $ Y, Z.

For all four benchmarks scenarios, we assume mh = 125 GeV and consider mA = 100 GeV, mH = 190 GeV and 100
GeV< mH± < 170 GeV.
Before proceeding to investigate the aforementioned two H− decays, in order to gain some insights into the inclusive

event rates available, we show in Figs. 4 and 5 a scan over the relevant parameters X,Y and Z for the four 2HDM-III
incarnations, each in correspondence of the relevant H− → bc̄ and H− → τ ν̄τ decay channels, respectively. Assuming
the LHeC standard Centre-of-Mass (CM) energy of

√
sep ≈ 1.3 TeV and luminosity of L = 100 fb−1, it is clear that

inclusive event rates are substantial, of order up to several thousands in all four cases, so that the potential of the
LHeC in extracting the H− → bc̄ and H− → τντ decays is definitely worth exploring further. In fact, the main
objective of our analysis is to tension one decay against the other and extract the corresponding significances, which
may lead to evidencing or indeed discovering the true underlying 2HDM structure onsetting EWSB.
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�(H± ⇤ uidj) =
3GFmH±(m2

dj
|Xij |2 +m2
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|Yij |2)

4⇤
⇧
2

(27)

On can see that is very interesting the case Y >>, X,Z (this imply that Yij >>, Xij ,Zij : see eqs. 17-18 ), because
the channel decay H+ ⇤ cb̄ is dominant. In order to show this situation, we calculate the dominants terms mcY23,
mcY22 of width H+ ⇤ cb̄, cs̄ respectivily, which are given by:

mcYcb = mcY23 = Vcbmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vtb

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcbmc�
u
22 + Vtb

⇧
mtmc�

u
23 (28)

mcYcs = mcY22 = Vcsmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vts

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcsmc�
u
22 + Vts

⇧
mtmc�

u
23 (29)

As Y is large and f(Y ) =
⇧
1 + Y 2 ⇥ Y , then the term

�
Y � f(Y )�

2
⇧u
22

⇥
could be absent or small, when ⇧ij = O(1).

On the other hand, the last term is very huge because to
⇧
mtmc and this is the dominant term (also for �ij = O(1)).

So, we can approach the ratio of two dominant decays, namely, BR(H± ⇤ cb) and BR(H± ⇤ cs), which is given as
follows:

BR(H± ⇤ cb)

BR(H± ⇤ cs)
= Rsb ⇥

|Vtb|2

|Vts|2
(30)

In Reference [24], the authors only take the diagonal terms �ii and the non-diagonal terms are ab-
sent.Therefore, the scenarios where channel decay H± ⇤ cb could be dominant do not appear under
this assumption. However, we can see that the non-diagonal term ⇧u

23 (or �u
23) has a factor large given

by
⇧
mcmt, which cannot be omitted and is an important result of new physics beyond 2HDM. Simi-

larly, we have been studied interesting channels decay and processes production at tree level and one
loop-level [22, 23, 28–30].

Other case is when X >>, Y ,Z, we get the dominants terms mbX23, msX22:

mbXcb = mbX23 = Vcbmb

�
X � f(X)⇧

2
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⇥
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f(X)⇧
2
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d
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msXcs = msX22 = Vcsms
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u
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In this scenario there are two possibilities. If ⇧ = O(1) and positive then

�
X � f(X)�

2
⇧d
33

⇥
is small and Rsb ⇥ |Vcs|2

|Vcb|2 ,

and the BR(H± ⇤ cb) becomes large. Other situation is when, ⇧ = O(1) and negative, then Rsb ⇥ m2
b |Vcb|2

m2
s|Vcb|2 , which

was studied recently in [40].

A. Tree level decays

1. µ� e universality in � decays

The dacays ⌅ ⇤ µ⇥̄µ⇥� and ⌅ ⇤ e⇥̄e⇥� give an important constraint in charged Higgs physics with leptons [46], the
µ� e universality, this quantity can be expressed as [47, 48]:

�
gµ
ge

⇥2

�

=
BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )
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2
� )

= 1.0036± 0.0020

where f(x) = 1� 8x2 + 8x3 � x4 � 12x2 logx. Following [8] in our case µ� e universality is:

BR(⌅ ⇤ µ⇥̄µ⇥� )
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2
� )

f(m2
µ/m

2
�

⌅ 1 +
R2

4
� 0.25R.

For!light!charged!Higgs!!
7

�(H± ⇤ uidj) =
3GFmH±(m2

dj
|Xij |2 +m2

ui
|Yij |2)

4⇤
⇧
2

(27)

On can see that is very interesting the case Y >>, X,Z (this imply that Yij >>, Xij ,Zij : see eqs. 17-18 ), because
the channel decay H+ ⇤ cb̄ is dominant. In order to show this situation, we calculate the dominants terms mcY23,
mcY22 of width H+ ⇤ cb̄, cs̄ respectivily, which are given by:

mcYcb = mcY23 = Vcbmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vtb

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcbmc�
u
22 + Vtb

⇧
mtmc�

u
23 (28)

mcYcs = mcY22 = Vcsmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vts

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcsmc�
u
22 + Vts

⇧
mtmc�

u
23 (29)

As Y is large and f(Y ) =
⇧
1 + Y 2 ⇥ Y , then the term

�
Y � f(Y )�

2
⇧u
22

⇥
could be absent or small, when ⇧ij = O(1).

On the other hand, the last term is very huge because to
⇧
mtmc and this is the dominant term (also for �ij = O(1)).

So, we can approach the ratio of two dominant decays, namely, BR(H± ⇤ cb) and BR(H± ⇤ cs), which is given as
follows:

BR(H± ⇤ cb)

BR(H± ⇤ cs)
= Rsb ⇥

|Vtb|2

|Vts|2
(30)

In Reference [24], the authors only take the diagonal terms �ii and the non-diagonal terms are ab-
sent.Therefore, the scenarios where channel decay H± ⇤ cb could be dominant do not appear under
this assumption. However, we can see that the non-diagonal term ⇧u

23 (or �u
23) has a factor large given

by
⇧
mcmt, which cannot be omitted and is an important result of new physics beyond 2HDM. Simi-

larly, we have been studied interesting channels decay and processes production at tree level and one
loop-level [22, 23, 28–30].

Other case is when X >>, Y ,Z, we get the dominants terms mbX23, msX22:

mbXcb = mbX23 = Vcbmb

�
X � f(X)⇧

2
⇧d
33

⇥
� Vcs

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcbmb�
d
33 + Vcs

⇧
msmb�

d
23 (31)

msXcs = msX22 = Vcsms

�
X � f(X)⇧

2
⇧d
22

⇥
� Vts

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcsms�
u
22 + Vcb

⇧
msmb�

d
32 (32)

In this scenario there are two possibilities. If ⇧ = O(1) and positive then

�
X � f(X)�

2
⇧d
33

⇥
is small and Rsb ⇥ |Vcs|2

|Vcb|2 ,

and the BR(H± ⇤ cb) becomes large. Other situation is when, ⇧ = O(1) and negative, then Rsb ⇥ m2
b |Vcb|2

m2
s|Vcb|2 , which

was studied recently in [40].

A. Tree level decays

1. µ� e universality in � decays

The dacays ⌅ ⇤ µ⇥̄µ⇥� and ⌅ ⇤ e⇥̄e⇥� give an important constraint in charged Higgs physics with leptons [46], the
µ� e universality, this quantity can be expressed as [47, 48]:

�
gµ
ge

⇥2

�

=
BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
� )

= 1.0036± 0.0020

where f(x) = 1� 8x2 + 8x3 � x4 � 12x2 logx. Following [8] in our case µ� e universality is:

BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
�

⌅ 1 +
R2

4
� 0.25R.

7

�(H± ⇤ uidj) =
3GFmH±(m2

dj
|Xij |2 +m2

ui
|Yij |2)

4⇤
⇧
2

(27)

On can see that is very interesting the case Y >>, X,Z (this imply that Yij >>, Xij ,Zij : see eqs. 17-18 ), because
the channel decay H+ ⇤ cb̄ is dominant. In order to show this situation, we calculate the dominants terms mcY23,
mcY22 of width H+ ⇤ cb̄, cs̄ respectivily, which are given by:

mcYcb = mcY23 = Vcbmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vtb

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcbmc�
u
22 + Vtb

⇧
mtmc�

u
23 (28)

mcYcs = mcY22 = Vcsmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vts

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcsmc�
u
22 + Vts

⇧
mtmc�

u
23 (29)

As Y is large and f(Y ) =
⇧
1 + Y 2 ⇥ Y , then the term

�
Y � f(Y )�

2
⇧u
22

⇥
could be absent or small, when ⇧ij = O(1).

On the other hand, the last term is very huge because to
⇧
mtmc and this is the dominant term (also for �ij = O(1)).

So, we can approach the ratio of two dominant decays, namely, BR(H± ⇤ cb) and BR(H± ⇤ cs), which is given as
follows:

BR(H± ⇤ cb)

BR(H± ⇤ cs)
= Rsb ⇥

|Vtb|2

|Vts|2
(30)

In Reference [24], the authors only take the diagonal terms �ii and the non-diagonal terms are ab-
sent.Therefore, the scenarios where channel decay H± ⇤ cb could be dominant do not appear under
this assumption. However, we can see that the non-diagonal term ⇧u

23 (or �u
23) has a factor large given

by
⇧
mcmt, which cannot be omitted and is an important result of new physics beyond 2HDM. Simi-

larly, we have been studied interesting channels decay and processes production at tree level and one
loop-level [22, 23, 28–30].

Other case is when X >>, Y ,Z, we get the dominants terms mbX23, msX22:

mbXcb = mbX23 = Vcbmb

�
X � f(X)⇧

2
⇧d
33

⇥
� Vcs

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcbmb�
d
33 + Vcs

⇧
msmb�

d
23 (31)

msXcs = msX22 = Vcsms

�
X � f(X)⇧

2
⇧d
22

⇥
� Vts

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcsms�
u
22 + Vcb

⇧
msmb�

d
32 (32)

In this scenario there are two possibilities. If ⇧ = O(1) and positive then

�
X � f(X)�

2
⇧d
33

⇥
is small and Rsb ⇥ |Vcs|2

|Vcb|2 ,

and the BR(H± ⇤ cb) becomes large. Other situation is when, ⇧ = O(1) and negative, then Rsb ⇥ m2
b |Vcb|2

m2
s|Vcb|2 , which

was studied recently in [40].

A. Tree level decays

1. µ� e universality in � decays

The dacays ⌅ ⇤ µ⇥̄µ⇥� and ⌅ ⇤ e⇥̄e⇥� give an important constraint in charged Higgs physics with leptons [46], the
µ� e universality, this quantity can be expressed as [47, 48]:

�
gµ
ge

⇥2

�

=
BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
� )

= 1.0036± 0.0020

where f(x) = 1� 8x2 + 8x3 � x4 � 12x2 logx. Following [8] in our case µ� e universality is:

BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
�

⌅ 1 +
R2

4
� 0.25R.

7

�(H± ⇤ uidj) =
3GFmH±(m2

dj
|Xij |2 +m2

ui
|Yij |2)

4⇤
⇧
2

(27)

On can see that is very interesting the case Y >>, X,Z (this imply that Yij >>, Xij ,Zij : see eqs. 17-18 ), because
the channel decay H+ ⇤ cb̄ is dominant. In order to show this situation, we calculate the dominants terms mcY23,
mcY22 of width H+ ⇤ cb̄, cs̄ respectivily, which are given by:

mcYcb = mcY23 = Vcbmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vtb

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcbmc�
u
22 + Vtb

⇧
mtmc�

u
23 (28)

mcYcs = mcY22 = Vcsmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vts

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcsmc�
u
22 + Vts

⇧
mtmc�

u
23 (29)

As Y is large and f(Y ) =
⇧
1 + Y 2 ⇥ Y , then the term

�
Y � f(Y )�

2
⇧u
22

⇥
could be absent or small, when ⇧ij = O(1).

On the other hand, the last term is very huge because to
⇧
mtmc and this is the dominant term (also for �ij = O(1)).

So, we can approach the ratio of two dominant decays, namely, BR(H± ⇤ cb) and BR(H± ⇤ cs), which is given as
follows:

BR(H± ⇤ cb)

BR(H± ⇤ cs)
= Rsb ⇥

|Vtb|2

|Vts|2
(30)

In Reference [24], the authors only take the diagonal terms �ii and the non-diagonal terms are ab-
sent.Therefore, the scenarios where channel decay H± ⇤ cb could be dominant do not appear under
this assumption. However, we can see that the non-diagonal term ⇧u

23 (or �u
23) has a factor large given

by
⇧
mcmt, which cannot be omitted and is an important result of new physics beyond 2HDM. Simi-

larly, we have been studied interesting channels decay and processes production at tree level and one
loop-level [22, 23, 28–30].

Other case is when X >>, Y ,Z, we get the dominants terms mbX23, msX22:

mbXcb = mbX23 = Vcbmb

�
X � f(X)⇧

2
⇧d
33

⇥
� Vcs

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcbmb�
d
33 + Vcs

⇧
msmb�

d
23 (31)

msXcs = msX22 = Vcsms

�
X � f(X)⇧

2
⇧d
22

⇥
� Vts

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcsms�
u
22 + Vcb

⇧
msmb�

d
32 (32)

In this scenario there are two possibilities. If ⇧ = O(1) and positive then

�
X � f(X)�

2
⇧d
33

⇥
is small and Rsb ⇥ |Vcs|2

|Vcb|2 ,

and the BR(H± ⇤ cb) becomes large. Other situation is when, ⇧ = O(1) and negative, then Rsb ⇥ m2
b |Vcb|2

m2
s|Vcb|2 , which

was studied recently in [40].

A. Tree level decays

1. µ� e universality in � decays

The dacays ⌅ ⇤ µ⇥̄µ⇥� and ⌅ ⇤ e⇥̄e⇥� give an important constraint in charged Higgs physics with leptons [46], the
µ� e universality, this quantity can be expressed as [47, 48]:

�
gµ
ge

⇥2

�

=
BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
� )

= 1.0036± 0.0020

where f(x) = 1� 8x2 + 8x3 � x4 � 12x2 logx. Following [8] in our case µ� e universality is:

BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
�

⌅ 1 +
R2

4
� 0.25R.

7

�(H± ⇤ uidj) =
3GFmH±(m2

dj
|Xij |2 +m2

ui
|Yij |2)

4⇤
⇧
2

(27)

On can see that is very interesting the case Y >>, X,Z (this imply that Yij >>, Xij ,Zij : see eqs. 17-18 ), because
the channel decay H+ ⇤ cb̄ is dominant. In order to show this situation, we calculate the dominants terms mcY23,
mcY22 of width H+ ⇤ cb̄, cs̄ respectivily, which are given by:

mcYcb = mcY23 = Vcbmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vtb

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcbmc�
u
22 + Vtb

⇧
mtmc�

u
23 (28)

mcYcs = mcY22 = Vcsmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vts

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcsmc�
u
22 + Vts

⇧
mtmc�

u
23 (29)

As Y is large and f(Y ) =
⇧
1 + Y 2 ⇥ Y , then the term

�
Y � f(Y )�

2
⇧u
22

⇥
could be absent or small, when ⇧ij = O(1).

On the other hand, the last term is very huge because to
⇧
mtmc and this is the dominant term (also for �ij = O(1)).

So, we can approach the ratio of two dominant decays, namely, BR(H± ⇤ cb) and BR(H± ⇤ cs), which is given as
follows:

BR(H± ⇤ cb)

BR(H± ⇤ cs)
= Rsb ⇥

|Vtb|2

|Vts|2
(30)

In Reference [24], the authors only take the diagonal terms �ii and the non-diagonal terms are ab-
sent.Therefore, the scenarios where channel decay H± ⇤ cb could be dominant do not appear under
this assumption. However, we can see that the non-diagonal term ⇧u

23 (or �u
23) has a factor large given

by
⇧
mcmt, which cannot be omitted and is an important result of new physics beyond 2HDM. Simi-

larly, we have been studied interesting channels decay and processes production at tree level and one
loop-level [22, 23, 28–30].

Other case is when X >>, Y ,Z, we get the dominants terms mbX23, msX22:

mbXcb = mbX23 = Vcbmb

�
X � f(X)⇧

2
⇧d
33

⇥
� Vcs

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcbmb�
d
33 + Vcs

⇧
msmb�

d
23 (31)

msXcs = msX22 = Vcsms

�
X � f(X)⇧

2
⇧d
22

⇥
� Vts

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcsms�
u
22 + Vcb

⇧
msmb�

d
32 (32)

In this scenario there are two possibilities. If ⇧ = O(1) and positive then

�
X � f(X)�

2
⇧d
33

⇥
is small and Rsb ⇥ |Vcs|2

|Vcb|2 ,

and the BR(H± ⇤ cb) becomes large. Other situation is when, ⇧ = O(1) and negative, then Rsb ⇥ m2
b |Vcb|2

m2
s|Vcb|2 , which

was studied recently in [40].

A. Tree level decays

1. µ� e universality in � decays

The dacays ⌅ ⇤ µ⇥̄µ⇥� and ⌅ ⇤ e⇥̄e⇥� give an important constraint in charged Higgs physics with leptons [46], the
µ� e universality, this quantity can be expressed as [47, 48]:

�
gµ
ge

⇥2

�

=
BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
� )

= 1.0036± 0.0020

where f(x) = 1� 8x2 + 8x3 � x4 � 12x2 logx. Following [8] in our case µ� e universality is:

BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
�

⌅ 1 +
R2

4
� 0.25R.

7

�(H± ⇤ uidj) =
3GFmH±(m2

dj
|Xij |2 +m2

ui
|Yij |2)

4⇤
⇧
2

(27)

On can see that is very interesting the case Y >>, X,Z (this imply that Yij >>, Xij ,Zij : see eqs. 17-18 ), because
the channel decay H+ ⇤ cb̄ is dominant. In order to show this situation, we calculate the dominants terms mcY23,
mcY22 of width H+ ⇤ cb̄, cs̄ respectivily, which are given by:

mcYcb = mcY23 = Vcbmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vtb

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcbmc�
u
22 + Vtb

⇧
mtmc�

u
23 (28)

mcYcs = mcY22 = Vcsmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vts

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcsmc�
u
22 + Vts

⇧
mtmc�

u
23 (29)

As Y is large and f(Y ) =
⇧
1 + Y 2 ⇥ Y , then the term

�
Y � f(Y )�

2
⇧u
22

⇥
could be absent or small, when ⇧ij = O(1).

On the other hand, the last term is very huge because to
⇧
mtmc and this is the dominant term (also for �ij = O(1)).

So, we can approach the ratio of two dominant decays, namely, BR(H± ⇤ cb) and BR(H± ⇤ cs), which is given as
follows:

BR(H± ⇤ cb)

BR(H± ⇤ cs)
= Rsb ⇥

|Vtb|2

|Vts|2
(30)

In Reference [24], the authors only take the diagonal terms �ii and the non-diagonal terms are ab-
sent.Therefore, the scenarios where channel decay H± ⇤ cb could be dominant do not appear under
this assumption. However, we can see that the non-diagonal term ⇧u

23 (or �u
23) has a factor large given

by
⇧
mcmt, which cannot be omitted and is an important result of new physics beyond 2HDM. Simi-

larly, we have been studied interesting channels decay and processes production at tree level and one
loop-level [22, 23, 28–30].

Other case is when X >>, Y ,Z, we get the dominants terms mbX23, msX22:

mbXcb = mbX23 = Vcbmb

�
X � f(X)⇧

2
⇧d
33

⇥
� Vcs

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcbmb�
d
33 + Vcs

⇧
msmb�

d
23 (31)

msXcs = msX22 = Vcsms

�
X � f(X)⇧

2
⇧d
22

⇥
� Vts

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcsms�
u
22 + Vcb

⇧
msmb�

d
32 (32)

In this scenario there are two possibilities. If ⇧ = O(1) and positive then

�
X � f(X)�

2
⇧d
33

⇥
is small and Rsb ⇥ |Vcs|2

|Vcb|2 ,

and the BR(H± ⇤ cb) becomes large. Other situation is when, ⇧ = O(1) and negative, then Rsb ⇥ m2
b |Vcb|2

m2
s|Vcb|2 , which

was studied recently in [40].

A. Tree level decays

1. µ� e universality in � decays

The dacays ⌅ ⇤ µ⇥̄µ⇥� and ⌅ ⇤ e⇥̄e⇥� give an important constraint in charged Higgs physics with leptons [46], the
µ� e universality, this quantity can be expressed as [47, 48]:

�
gµ
ge

⇥2

�

=
BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
� )

= 1.0036± 0.0020

where f(x) = 1� 8x2 + 8x3 � x4 � 12x2 logx. Following [8] in our case µ� e universality is:

BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
�

⌅ 1 +
R2

4
� 0.25R.

7

�(H± ⇤ uidj) =
3GFmH±(m2

dj
|Xij |2 +m2

ui
|Yij |2)

4⇤
⇧
2

(27)

On can see that is very interesting the case Y >>, X,Z (this imply that Yij >>, Xij ,Zij : see eqs. 17-18 ), because
the channel decay H+ ⇤ cb̄ is dominant. In order to show this situation, we calculate the dominants terms mcY23,
mcY22 of width H+ ⇤ cb̄, cs̄ respectivily, which are given by:

mcYcb = mcY23 = Vcbmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vtb

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcbmc�
u
22 + Vtb

⇧
mtmc�

u
23 (28)

mcYcs = mcY22 = Vcsmc

�
Y � f(Y )⇧

2
⇧u
22

⇥
� Vts

f(Y )⇧
2

⇧
mtmc⇧

u
23

= Vcsmc�
u
22 + Vts

⇧
mtmc�

u
23 (29)

As Y is large and f(Y ) =
⇧
1 + Y 2 ⇥ Y , then the term

�
Y � f(Y )�

2
⇧u
22

⇥
could be absent or small, when ⇧ij = O(1).

On the other hand, the last term is very huge because to
⇧
mtmc and this is the dominant term (also for �ij = O(1)).

So, we can approach the ratio of two dominant decays, namely, BR(H± ⇤ cb) and BR(H± ⇤ cs), which is given as
follows:

BR(H± ⇤ cb)

BR(H± ⇤ cs)
= Rsb ⇥

|Vtb|2

|Vts|2
(30)

In Reference [24], the authors only take the diagonal terms �ii and the non-diagonal terms are ab-
sent.Therefore, the scenarios where channel decay H± ⇤ cb could be dominant do not appear under
this assumption. However, we can see that the non-diagonal term ⇧u

23 (or �u
23) has a factor large given

by
⇧
mcmt, which cannot be omitted and is an important result of new physics beyond 2HDM. Simi-

larly, we have been studied interesting channels decay and processes production at tree level and one
loop-level [22, 23, 28–30].

Other case is when X >>, Y ,Z, we get the dominants terms mbX23, msX22:

mbXcb = mbX23 = Vcbmb

�
X � f(X)⇧

2
⇧d
33

⇥
� Vcs

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcbmb�
d
33 + Vcs

⇧
msmb�

d
23 (31)

msXcs = msX22 = Vcsms

�
X � f(X)⇧

2
⇧d
22

⇥
� Vts

f(X)⇧
2

⇧
mbms⇧

u
23

= Vcsms�
u
22 + Vcb

⇧
msmb�

d
32 (32)

In this scenario there are two possibilities. If ⇧ = O(1) and positive then

�
X � f(X)�

2
⇧d
33

⇥
is small and Rsb ⇥ |Vcs|2

|Vcb|2 ,

and the BR(H± ⇤ cb) becomes large. Other situation is when, ⇧ = O(1) and negative, then Rsb ⇥ m2
b |Vcb|2

m2
s|Vcb|2 , which

was studied recently in [40].

A. Tree level decays

1. µ� e universality in � decays

The dacays ⌅ ⇤ µ⇥̄µ⇥� and ⌅ ⇤ e⇥̄e⇥� give an important constraint in charged Higgs physics with leptons [46], the
µ� e universality, this quantity can be expressed as [47, 48]:

�
gµ
ge

⇥2

�

=
BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
� )

= 1.0036± 0.0020

where f(x) = 1� 8x2 + 8x3 � x4 � 12x2 logx. Following [8] in our case µ� e universality is:

BR(⌅ ⇤ µ⇥̄µ⇥� )

BR(⌅ ⇤ e⇥̄e⇥� )

f(m2
e/m

2
� )

f(m2
µ/m

2
�

⌅ 1 +
R2

4
� 0.25R.



44

For!light!charged!Higgs!!

Charged!Higgs!2012,!Uppsala,!Sweden.! 22!

7

�(H± ⇤ uidj) =
3GFmH±(m2

dj
|Xij |2 +m2

ui
|Yij |2)

4⇤
⇧
2

(27)
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2HDM-III Parameters σ(ep → νeH
−q) (pb) BR(H− → bc̄) BR(H− → τ ν̄τ )

like- X Y Z mH± = 110 GeV 130 GeV 150 GeV 170 GeV mH± = 110 GeV mH± = 110 GeV

I 0.5 17.5 0.5 2.56 × 10−2 1.30 × 10−2 3.47 × 10−3 1.35 × 10−4 9.57× 10−1 2.5× 10−4

II 20 1.5 20 2.18 × 10−2 1.13 × 10−2 2.95 × 10−3 5.89 × 10−5 9.9× 10−1 2.22× 10−4

X 0.03 1.5 −33.33 6.49 × 10−2 3.39 × 10−2 8.83 × 10−3 2.34 × 10−4 9.28× 10−2 9.04× 10−1

Y 13 1.5 −1/13 6.41 × 10−2 3.27 × 10−2 8.47 × 10−3 2.2× 10−4 9.91× 10−1 6.12× 10−3

TABLE II. The BPs that we studied for the 2HDM-III in the incarnations like-I, -II, -X and -Y. We present cross sections and
BRs at Parton level, for some H± mass choices.

FIG. 6. Distributions for the process e−q → νeH−b followed by H− → bc̄: in the left panel we present the multiplicity of all
jets while in the right panel we present the multiplicity of the b-tagged ones. The like-Y case is illustrated. The normalisation
is to unity.

A. The process e−q → νeH
−b with H− → bc̄ for the 2HDM-III like-I, -II and -Y

In this subsection we discuss the final state with one b-tagged jet and one light jet (associated with the secondary
decay H− → bc̄) alongside a generic (i.e., light or b-tagged) forward jet (associated with the primary collision) plus
missing transverse energy. For this case, we apply the following cuts3.

I) First, we select only events with exactly three jets in the final state. Then, we reject all events without a b-tagged
jet. Hence, at this point, we keep events like 3j + ET/ with at least one b-tagged jet (see the histograms in Fig.
6). For these selections, our signal generally has an efficiency of 12% while the most efficient background νebbj
has a 10% response. The remaining backgrounds have efficiencies of 5%, 8% and 1% for νebt, νebjj and νejjj,
respectively.

II) The second set of cuts is focused on selecting two jets (one b-tagged, labelled as btag, and one not, labelled
as jc) which are central in the detector. First, we demand that PT (btag) > 30(40) GeV and PT (jc) > 20(30)
GeV for mH± = 110, 130(150, 170) GeV (here, PT is the transverse momentum). Then, we impose a cut on the
pseudorapidity |η(btag, jc)| < 2.5 of both these jets and, finally, select events in which 1.8(2) < ∆R(jc; btag) <
3.4(3.4) in correspondence of mH± = 110, 130(150, 170) GeV (where ∆R is the standard cone separation). Upon
enforcing these cuts, we find that our signal has a cumulative efficiency of 7.3%. The most efficient background
νebjj has a rate of 6% while the others show efficiencies of 3.3%, 3.7% and 0.3% (for νebt, νebbj and νejjj,
respectively). This information is easily drawn from Fig. 7.

III) The next cut is related to the selection of a forward third generic jet (it can be either a light jet or a b-tagged
one). Our selection for such a third jet is |η| > 0.6 (with a transverse momentum above 20 GeV). With this cut,
our signal shows an efficiency of 5.4% while 4.2% is the rate for the most efficient background (νebjj). The rest
of the backgrounds show efficiencies below 2% for νebbj and νebt or 0.3% for νejjj.

IV) The selection of the jet pair representing a H± candidate is made by considering only events for which the
invariant mass of the two central jets is in the vicinity of the (trial) mass of the charged Higgs boson. However,

3 For illustration, we assume the 2HDM-III like-Y scenario in our description, though the signal kinematics is essentially independent of
the theoretical setup, as it primarily depends on the mH± value.

Cut 1: Select 3 jets

Cut 2: Select 2 jet b-tagged for 
H - —>cb

1 jet b-tagged for H- —>tau nu
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FIG. 7. Distributions for the process e−q → νeH
−b followed by H− → bc̄: in the top-left panel we present the transverse

momentum of the central b-tagged jet, in the top-right panel we present the transverse momentum of the central light jet, in
the bottom-left panel we present the pseudorapidity of the central light jet while in the bottom-right panel we present the
separation between the two central jets. The like-Y case is illustrated. The normalisation is to unity.

FIG. 8. Distributions for the process e−q → νeH−b followed by H− → bc̄ in the invariant mass of the two central jets for
mH± = 110 GeV (left) and mH± = 130 GeV (right). The like-Y case is illustrated. The normalisation is to the total event
rate for L = 100 fb−1.

it must be considered that, at the detector level, the signal may see a mass shift due to the finite efficiency
in selecting the wanted jet dynamics. Therefore, in the histograms of Fig. 8, we study such invariant mass
in the case of our signal for, e.g., mH± = 110 (left) and 130 (right) GeV. We benchmark these against the
corresponding spectra from the backgrounds. From this plot, we can indeed see a shift of the signal peaks
towards lower invariant masses, so that we can implement the following selection criterium: mH± − 20 GeV
< M(btag, jc) < mH± . Furthermore, we noticed that the invariant mass formed by the light central jet and the
generic forward jet (not shown here) has a structure in most of the backgrounds, dictated by the presence of a
hadronic W± boson decay. Because our signal does not have this feature, we further impose that M(jc, jf) > 80
GeV or M(jc, jf) < 60 GeV (where jf labels the forward jet). This combination of mass cuts is highly selective,
giving us an overall efficiency of 2.4% for the signal and (at most) 0.6% for the backgrounds.

The final results, following the application of Cuts I–IV, are found in Tab. III, for the 2HDM-III like-I, -II and -Y
incarnations. Statistically, significances of the signal S over the cumulative background B are very good at low H±

masses already for 100 fb−1 of luminosity. As the latter increases, larger masses can be afforded through evidence or
discovery, particularly so in the like-Y scenario. However, an ultimate mass reach is probably 130 GeV in all cases.

Cut 3: PT > 30 GeV. Cut 4 :  eta<|2.5|
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FIG. 7. Distributions for the process e−q → νeH
−b followed by H− → bc̄: in the top-left panel we present the transverse

momentum of the central b-tagged jet, in the top-right panel we present the transverse momentum of the central light jet, in
the bottom-left panel we present the pseudorapidity of the central light jet while in the bottom-right panel we present the
separation between the two central jets. The like-Y case is illustrated. The normalisation is to unity.

FIG. 8. Distributions for the process e−q → νeH−b followed by H− → bc̄ in the invariant mass of the two central jets for
mH± = 110 GeV (left) and mH± = 130 GeV (right). The like-Y case is illustrated. The normalisation is to the total event
rate for L = 100 fb−1.

it must be considered that, at the detector level, the signal may see a mass shift due to the finite efficiency
in selecting the wanted jet dynamics. Therefore, in the histograms of Fig. 8, we study such invariant mass
in the case of our signal for, e.g., mH± = 110 (left) and 130 (right) GeV. We benchmark these against the
corresponding spectra from the backgrounds. From this plot, we can indeed see a shift of the signal peaks
towards lower invariant masses, so that we can implement the following selection criterium: mH± − 20 GeV
< M(btag, jc) < mH± . Furthermore, we noticed that the invariant mass formed by the light central jet and the
generic forward jet (not shown here) has a structure in most of the backgrounds, dictated by the presence of a
hadronic W± boson decay. Because our signal does not have this feature, we further impose that M(jc, jf) > 80
GeV or M(jc, jf) < 60 GeV (where jf labels the forward jet). This combination of mass cuts is highly selective,
giving us an overall efficiency of 2.4% for the signal and (at most) 0.6% for the backgrounds.

The final results, following the application of Cuts I–IV, are found in Tab. III, for the 2HDM-III like-I, -II and -Y
incarnations. Statistically, significances of the signal S over the cumulative background B are very good at low H±

masses already for 100 fb−1 of luminosity. As the latter increases, larger masses can be afforded through evidence or
discovery, particularly so in the like-Y scenario. However, an ultimate mass reach is probably 130 GeV in all cases.
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Signal Scenario Events (raw) Cut I Cut II Cut III Cut IV (S/
√
B)100 fb−1(1000 fb−1)[3000 fb−1]

νeH±b I-110 2562 298 182 134 54 1.43 (4.52) [7.82]

I-130 1300 139 82 64 19 0.58 (1.82) [3.16]

I-150 347 29 13 11 3 0.16 (0.5) [0.86]

I-170 13 1.29 0.62 0.51 0.14 0.01 (0.03) [0.05]

νeH
±b II-110 2183 245 151 122 53 1.4 (4.43) [7.68]

II-130 1128 128 84 71 22 0.7 (2.21) [3.82]

II-150 294 28 14 13 4 0.2 (0.65) [1.13]

II-170 6 0.6 0.33 0.3 0.08 0.005 (0.017) [0.029]

νeH
±b Y-110 6417 468 567 347 156 4.18 (12.99) [22.5]

Y-130 3268 366 204 156 46 1.43 (4.53) [7.84]

Y-150 847 68 29 23 6 0.33 (1.06) [1.83]

Y-170 22 2.3 1.12 0.89 0.25 0.017 (0.05) [0.09]

νebbj 20169 2011 748 569 125

νebjj 117560 10278 7211 5011 718 B = 1441

νebt 41885 2278 1418 1130 188
√
B = 37.9

νejjj 867000 9238 3221 2593 409

TABLE III. Significances obtained after the sequential cuts described in the text for the signal process e−q → νeH
−b followed

by H− → bc̄ for four BPs in the 2HDM-III like-I, -II and -Y. The simulation is done at detector level. In the column Scenario,
the label A-110(130)[150]{170} means mH± = 110(130)[150]{170} GeV in the 2HDM-III like-A, where A can be I, II and Y.

B. The process e−q → νeH
−b with H− → τ ν̄τ in the 2HDM-III like-X

Now we focus our attention on the channel H− → τ ν̄τ . To this effect, as previously mentioned, we look at leptonic
τ decays (τ → lν̄lντ , with l = e, µ) and we b-tag the prompt (i.e., coming from the primary collision) jet in the final
state. The cuts to extract our signal are presented below.

I) This first set of cuts is focused on selecting events with one b-tagged jet and one lepton, by imposing |η(btag, l)| <
2.5, PT (btag, l) > 20 GeV and the isolation condition ∆R(btag; l) > 0.5 (see Fig. 9 for the histograms of the lepton
and jet multiplicities.) Following this, we find that our signal has an efficiency of 14% whereas the backgrounds
νeνllj and νeνllb have rates of 23% and 18%, respectively. The remaining noise shows an efficiency below 5%.

II) The next set of cuts enables us to select a stiffer lepton and impose conditions on the missing transverse energy
which are adapted to the trial H± mass. We select events with PT (l) > 25(40) GeV and ET/ > 30(40) GeV for
mH± = 110, 130(150, 170) GeV. Our signal presents an efficiency of 70% while 80% is the rate for νeνllj, νeνllb
and νetb. The remaining backgrounds show efficiencies of 60% or below (see Fig. 10).

III) Then, based on the left frame of Fig. 11, we require |η(btag)| > 0.5. Furthermore, upon defining the total
hadronic transverse energy HT =

∑

hadronic |PT | in the final state, based on the right frame of Fig. 11, we select
HT < 60 GeV. For our signal, these cuts are little discriminatory and show an efficiency of 75%. However, for
all backgrounds, the efficiency is in general below 50%.

IV) Finally, we enforce the last selection by exploiting the transverse mass MT (l)2 = 2pT (l)ET/ (1 − cosφ), where
φ is the relative azimuthal angle between pT (l) and ET/ , a quantity which allows one to label the candidate
events reconstructing the charged Higgs boson mass. However, the existence of one additional neutrino in the
final state (νe) emerging from the primary hard collision, alongside the two stemming from the τ decay (ντ and
νl), generates a widening of the transverse mass distribution of the signal. Therefore, we make the following
selection: mH± − 50 GeV < MT (l) < mH± + 10 GeV (see Fig. 12). For this cut, our signal has a cumulative
efficiency of 1%, quite comparable to the efficiency of νlb, which is 0.9%. The rest of the backgrounds are instead
below 0.2%

The effectiveness of this selection strategy is confirmed by the final results in Tab. IV, wherein we present the signal
and background rates along with the corresponding significances after Cuts I–IV for the usual values of luminosity.
Again, also in the like-X case, good sensitivity exists up to H± masses of 130 GeV.
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−b followed

by H− → bc̄ for four BPs in the 2HDM-III like-I, -II and -Y. The simulation is done at detector level. In the column Scenario,
the label A-110(130)[150]{170} means mH± = 110(130)[150]{170} GeV in the 2HDM-III like-A, where A can be I, II and Y.

B. The process e−q → νeH
−b with H− → τ ν̄τ in the 2HDM-III like-X

Now we focus our attention on the channel H− → τ ν̄τ . To this effect, as previously mentioned, we look at leptonic
τ decays (τ → lν̄lντ , with l = e, µ) and we b-tag the prompt (i.e., coming from the primary collision) jet in the final
state. The cuts to extract our signal are presented below.

I) This first set of cuts is focused on selecting events with one b-tagged jet and one lepton, by imposing |η(btag, l)| <
2.5, PT (btag, l) > 20 GeV and the isolation condition ∆R(btag; l) > 0.5 (see Fig. 9 for the histograms of the lepton
and jet multiplicities.) Following this, we find that our signal has an efficiency of 14% whereas the backgrounds
νeνllj and νeνllb have rates of 23% and 18%, respectively. The remaining noise shows an efficiency below 5%.

II) The next set of cuts enables us to select a stiffer lepton and impose conditions on the missing transverse energy
which are adapted to the trial H± mass. We select events with PT (l) > 25(40) GeV and ET/ > 30(40) GeV for
mH± = 110, 130(150, 170) GeV. Our signal presents an efficiency of 70% while 80% is the rate for νeνllj, νeνllb
and νetb. The remaining backgrounds show efficiencies of 60% or below (see Fig. 10).

III) Then, based on the left frame of Fig. 11, we require |η(btag)| > 0.5. Furthermore, upon defining the total
hadronic transverse energy HT =

∑

hadronic |PT | in the final state, based on the right frame of Fig. 11, we select
HT < 60 GeV. For our signal, these cuts are little discriminatory and show an efficiency of 75%. However, for
all backgrounds, the efficiency is in general below 50%.

IV) Finally, we enforce the last selection by exploiting the transverse mass MT (l)2 = 2pT (l)ET/ (1 − cosφ), where
φ is the relative azimuthal angle between pT (l) and ET/ , a quantity which allows one to label the candidate
events reconstructing the charged Higgs boson mass. However, the existence of one additional neutrino in the
final state (νe) emerging from the primary hard collision, alongside the two stemming from the τ decay (ντ and
νl), generates a widening of the transverse mass distribution of the signal. Therefore, we make the following
selection: mH± − 50 GeV < MT (l) < mH± + 10 GeV (see Fig. 12). For this cut, our signal has a cumulative
efficiency of 1%, quite comparable to the efficiency of νlb, which is 0.9%. The rest of the backgrounds are instead
below 0.2%

The effectiveness of this selection strategy is confirmed by the final results in Tab. IV, wherein we present the signal
and background rates along with the corresponding significances after Cuts I–IV for the usual values of luminosity.
Again, also in the like-X case, good sensitivity exists up to H± masses of 130 GeV.
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FIG. 9. Distributions for the process e−q → νeH−b followed by H− → τ ν̄τ : in the left(right) panel we present the number of
leptons(b-jets) per event. The like-X case is illustrated. The normalisation is to unity.

FIG. 10. Distributions for the process e−q → νeH−b followed by H− → τ ν̄τ : in the left panel we present the transverse
momentum of the lepton while in the right panel we present the total missing transverse energy. The like-X case is illustrated.
The normalisation is to unity.
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FIG. 11. Distributions for the process e−q → νeH
−b followed by H− → τ ν̄τ : in the left panel we present the pseudorapidity

of the b jet while in the right panel we present the total hadronic transverse energy. The like-X case is illustrated. The
normalisation is to unity.

V. CONCLUSIONS

In conclusion, we have assessed the potential of a possible future LHeC, obtained from crossing e− and p beams
in the CERN tunnel currently hosting the LHC and previously LEP. The foreseen beam energies are 60 GeV and 7
TeV, respectively. Such an environment is rather clean and, since it primarily relies on a charged W− current for
the hard scattering, conducive to the production of a negatively charged Higgs boson, H−. This state is typical of
2HDMs and it is notoriously elusive at the LHC [13, 49], so that it is natural to assess the scope for its detection
at the LHeC. As 2HDM theoretical framework we have adopted a 2HDM-III supplemented by a four-zero-texture in
the Yukawa sector which enables one, firstly, to avoid imposing a Z2 symmetry to prevent FCNCs and, secondly, to
re-create the standard 2HDM setups, known as Type I, II, X and Y, through suitable choices of the texture matrix
elements. Such a scenario can realistically only afford one with LHeC sensitivity to rather light H± masses, i.e., well
below the top mass. In this mass regime, though, we have established that the LHeC can access H± masses up to
130 GeV or so, for luminosity conditions already foreseen for such a machine. This assessment is essentially similar
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V. CONCLUSIONS

In conclusion, we have assessed the potential of a possible future LHeC, obtained from crossing e− and p beams
in the CERN tunnel currently hosting the LHC and previously LEP. The foreseen beam energies are 60 GeV and 7
TeV, respectively. Such an environment is rather clean and, since it primarily relies on a charged W− current for
the hard scattering, conducive to the production of a negatively charged Higgs boson, H−. This state is typical of
2HDMs and it is notoriously elusive at the LHC [13, 49], so that it is natural to assess the scope for its detection
at the LHeC. As 2HDM theoretical framework we have adopted a 2HDM-III supplemented by a four-zero-texture in
the Yukawa sector which enables one, firstly, to avoid imposing a Z2 symmetry to prevent FCNCs and, secondly, to
re-create the standard 2HDM setups, known as Type I, II, X and Y, through suitable choices of the texture matrix
elements. Such a scenario can realistically only afford one with LHeC sensitivity to rather light H± masses, i.e., well
below the top mass. In this mass regime, though, we have established that the LHeC can access H± masses up to
130 GeV or so, for luminosity conditions already foreseen for such a machine. This assessment is essentially similar
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FIG. 12. Distributions for the process e−q → νeH
−b followed by H− → τ ν̄τ in the transverse mass of the final state for

mH± = 110 GeV (left) and mH± = 130 GeV (right). The like-X case is illustrated. The normalisation is to the total event
rate for L = 100 fb−1.

Signal Scenario Events (raw) Cut I Cut II Cut III Cut IV (S/
√
B)100 fb−1(1000 fb−1)[3000 fb−1]

νeH
−q X-110 6480 178 124 94 67 2.41 (7.61) [13.19]

X-130 3390 75 54 52 35 1.13 (3.58) [6.2]

X-150 880 6 3 2 2 0.09 (0.29) [0.5]

X-170 20 0.4 0.3 0.2 0.09 0.01 (0.02) [0.04]

νebbj 20170 85 56 23 13

νebjj 117559 623 340 122 84

νetb 48845 460 374 149 105 B = 763

νejjj 867000 981 596 267 162
√
B = 27.62

νelνlj 23700 29 26 8 5

νelνlb 40400 1500 1203 569 392

TABLE IV. Significances obtained after the sequential cuts described in the text for the signal process e−q → νeH−b followed
by H− → τ ν̄τ for four BPs in the 2HDM-III like-X. The simulation is done at detector level. In the column Scenario, the label
X-110(130)[150]{170} means mH± = 110(130)[150]{170} GeV in the 2HDM-III like -X.

for all 2HDM-III incarnations, although sensitivity is primarily established in the like-I, -II and -Y cases via H− → bc̄
and in the like-X case via H− → τ ν̄τ (assuming electron/muon decays of the τ). The LHeC production mode is
e−q → νeH−q, with q = b being the dominant sub-channel, the latter being also induced by neutral Higgs boson
exchange in t-channel (see Fig. 1). Hence, on the one hand, one can exploit the very efficient b-tagging expected at
the LHeC detectors in order to establish the two signals above and beyond a variety of background channels, which we
have done here, while, on the other hand, one could attempt extracting the φ0

iW
+H− (φ0

i = h,H,A) vertex ‘directly’
in LHeC production (unlike the LHC, where it can only be done ‘indirectly’ in H− decays), which is what we shall
do in a future publication.
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FIG. 12. Distributions for the process e−q → νeH
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mH± = 110 GeV (left) and mH± = 130 GeV (right). The like-X case is illustrated. The normalisation is to the total event
rate for L = 100 fb−1.
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by H− → τ ν̄τ for four BPs in the 2HDM-III like-X. The simulation is done at detector level. In the column Scenario, the label
X-110(130)[150]{170} means mH± = 110(130)[150]{170} GeV in the 2HDM-III like -X.

for all 2HDM-III incarnations, although sensitivity is primarily established in the like-I, -II and -Y cases via H− → bc̄
and in the like-X case via H− → τ ν̄τ (assuming electron/muon decays of the τ). The LHeC production mode is
e−q → νeH−q, with q = b being the dominant sub-channel, the latter being also induced by neutral Higgs boson
exchange in t-channel (see Fig. 1). Hence, on the one hand, one can exploit the very efficient b-tagging expected at
the LHeC detectors in order to establish the two signals above and beyond a variety of background channels, which we
have done here, while, on the other hand, one could attempt extracting the φ0

iW
+H− (φ0

i = h,H,A) vertex ‘directly’
in LHeC production (unlike the LHC, where it can only be done ‘indirectly’ in H− decays), which is what we shall
do in a future publication.
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Point X(Z) Y BR(�
0 ! ab) �(e

�
p ! e

�
�
0
q) Events (1 ab

�1
)

BR(h ! bb̄) = 0.513 2⇥ 10
5

Ia 0.5(0.5) 6.5 BR(h ! cc̄) = 0.484 2⇥ 10
4

µ = 0.88 BR(h ! sb) = 1.99⇥ 10
�3

0.875 pb 52

c = 1.5 BR(h ! ss̄) = 8.18⇥ 10
�9

0

BR(h ! bb̄) = 0.67 2⇥ 10
5

IIa 1(1) 4 BR(h ! cc̄) = 0.23 0.958 pb 2⇥ 10
4

µ = 1.16 BR(h ! sb) = 0.093 1⇥ 10
3

c = 2 BR(h ! ss̄) = 2.87⇥ 10
�3

7

BR(h ! bb̄) = 0.498 2⇥ 10
5

Y-min 5(-1/5) 5 BR(h ! cc̄) = 0.289 1.08 pb 2⇥ 10
4

µ = 0.86 BR(h ! sb) = 0.21 7⇥ 10
3

c = 1.7 BR(h ! ss̄) = 1.96⇥ 10
�3

5

TABLE III. Relevant cross sections, BRs and event rates (for the machine configuration given in the previous
figure caption) for our scenarios Ia, IIa and Y, each mapped in terms of X,Y and Z values. We have included
the allowed values for µ and c for each BPs. Here, we have included the following tagging e�ciencies in
the last column: ✏b = 0.6, ✏c = 0.24 and ✏s = 0.05 [78].

Energy �(e+e� ! Zh)⇥BR(h ! cc̄) �(e+e� ! 4q) �(e+e� ! 2l2q) R=S/B

⇥BR(Z ! l
+
l
�) [BR(Z ! qq)]

250 GeV 7.2⇥ 10�3
pb [1.2⇥ 10�1

pb] 51.2 pb 1.10 pb 6.6⇥ 10�3[2.3⇥ 10�3]

380 GeV 3.2⇥ 10�3
pb [5.5⇥ 10�2

pb] 31.1 pb 1.11 pb 2.9⇥ 10�3[1.7⇥ 10�3]

500 GeV 1.7⇥ 10�3
pb [2.9⇥ 10�2

pb] 16.2 pb 1.13 pb 1.5⇥ 10�3[1.8⇥ 10�3]

1000 GeV 3.9⇥ 10�4
pb [6.6⇥ 10�3

pb] 4.28 pb 1.48 pb 2.6⇥ 10�4[1.5⇥ 10�3]

1500 GeV 1.7⇥ 10�4
pb [2.9⇥ 10�3

pb] 2.09 pb 1.94 pb 8.8⇥ 10�5[1.4⇥ 10�3]

3000 GeV 4.1⇥ 10�5
pb [7.1⇥ 10�4

pb] 0.48 pb 1.92 pb 2.1⇥ 10�5[1.5⇥ 10�3]

TABLE IV. Raw approximation for signals in a generic e
+
e
� collider at di↵erent energies. Numbers into

square parentheses represent a boson Z decaying in two quarks at the final state. The third and fourth
columns show the irreducible background for four quarks and two quarks two leptons at the final state,
respectively. The R is a simple proportionality reason between signal and background.

As an additional prospect, in the Tabla IV we present a set of raw results about e�e+ generic
collider (without cuts or extra conditions). The numbers presented in this table are related with
�(e�e+ ! Zh) which is the most relevant process at e

�
e
+ colliders [82, 83]. We present some

results for di↵erent energies, it let us to have a fast estimation for colliders as ILC [84], CLIC [85]
and FCC-ee[86]. For a similar approximation, the best result for FCC-eh shown in Table III gives
a raw reason R = S/B = 3.4 ⇥ 10�4 for �(ep ! qh) ⇥ BR(h ! cc̄) (for Ia-min point). A simple
comparison between this last result and the reasons in Table IV suggests us to explore these modes
at futures works.

IV. NUMERICAL ANALYSIS

The first step of our numerical analysis is to compare the production and decay rate of signal
events to those of the various backgrounds, in presence of acceptance and selection cuts. The latter
are implemented at the parton level as pT (q) > 10 GeV, �R(q, q) > 0.3 and |⌘(q)| < 7, where q

represents any quark involved. For our Signal (S), we refer to the inclusive rates in Table III. For
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the Background (B), final states of the type ET/ +3 jet are considered. In order to not overload with
information the forthcoming histograms, we consider the following five compounded contributions
(wherein j represents any jet except a b-one): ⌫3j (it represents the set of ⌫ejjj, ⌫ebjj and ⌫ebbj

final states), ⌫ellj (for any configuration of charged leptons and quarks), ⌫etb, e3j (for ejjj, ebjj
and ebbj) and ett. In Table V, one can see the corresponding cross sections at parton level for all
these backgrounds as well as the corresponding event rates for the usual FCC-eh parameters.

Background Cross section [pb] Number of events

⌫ejjj 172 1.75⇥ 108

⌫ebjj 16.1 1.61⇥ 107

⌫ebbj 1.8 1.8⇥ 106P
⌫3j 189.9 108

⌫ellj 3.09 3.09⇥ 106

⌫etb 12.47 1.24⇥ 107

ejjj 948 9.48⇥ 108

ebjj 17.8 1.78⇥ 107

ebbj 75.4 75.4⇥ 107P
ejjj 1040 109

ett 0.35 3.5⇥ 105

TABLE V. Background cross sections and event rates at parton level after the following cuts: pT (q) > 10
GeV, �R(q, q) > 0.3 and |⌘(q)| < 7 (assuming the usual FCC-eh parameters).

For the analysis at detector level, we proceed in the following way: we use PYTHIA8 [87] as
parton shower and hadronisation generator and Delphes [88] as detector simulator. Delphes was
run via a FCC-eh card provided in [89]. Finally, we employed MadAnalysis5 [90] to construct
histograms and implement the event selections.

In order to reconstruct the final state of interest, enriched by two c-jets, we need to worry about
the presence of b-jets, as both c- and b-quarks will originate jets with displaced vertices: thus, just
like there is a non-zero probability of b-jets being tagged as c-jets also the vice versa is possible.
Furthermore, a value of 60% for ✏b essentially means that some b-jets (precisely, 40% of them) could
be tagged as either c-jet or lighter ones5. In essence, it is not obvious what will be the number of
true cc̄ events in the complete di-jet sample (although this is all modelled by Delphes). However,
in order to extract the hcc̄ vertex strength, we can proceed as follows. To start with, the portion
of bb̄ events recognised as such, Nb ⇡ ✏

2

b
, can be filtered out. Conversely, around 1� ✏

2

b
of bb̄ events

would be accounted as light di-jets ones (including cc̄ ones, that we do not separate out), which we
label as Nb!j . (In fact, the latter also includes a / (1�✏b) subleading contribution from mistagged
sb̄ + C.C. events.) This will add to the true number of events with only light jets, Nj , where j = s.
Likewise, the portion of cc̄ events recognised as such is Nc = ✏

2
c , which in turn implies that 1� ✏

2
c

of these will appear as light jets, labelled as Nc!j . These will also add to the Nj rate alongside
the Nb!j one. In order to perform an unbiased measurement of the Yukawa coupling hcc̄ we can
only rely on the Nc sample. However, we can use the sample constituted by Nj + Nb!j + Nc!j

di-jet events, wherein it is not necessary to extract the fraction of b-jets appearing as c-jets, for
validation purposes, to ensure that the two measurements are consistent with each other, so that,
in the remainder of our analysis, we will consider the two cases in parallel.

5 We neglect here the possibility of s-jets to be tagged as c- or b-ones, so that we need not worry about the role of
sb̄ + C.C. and ss̄ events.
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FIG. 2. Left) Jet multiplicity (whichever their flavour) distribution. Right) Missing (transverse) energy
distribution. These histograms are made for the Ia incarnation of the 2HDM-III signal as well as the five
categories of background discussed in the text.

Signal Raw events Sim Events Set A) Set B) Set C) Set D) Set E) Significance

Ia 875000 890530 633866 190986 91117 77079 36054 36.3

36075 10869 5186 4387 2052 8.31

IIa 958000 970336 609152 178088 87714 72312 30898 31.19

32350 9457 4658 3840 1641 6.67

Y 1070000 1085244 736138 208665 101427 83083 35824 36.08

41941 11884 5776 4732 2040 8.27

⌃⌫3j 1.89⇥ 108 19956113 176368197 40956844 9327890 4960087 820718

10334771 2399977 546593 290650 48092

⌫tb 1.24⇥ 107 1254485 7880059 1505048 759201 548492 123961

501285 95743 48296 34892 7886 ⌃ B =

⌃e3j 109 104495242 73393857 3093729 29137 24770 2750 950207

52792574 2225334 20958 17817 1978 58865

ett 350000 353583 26046 380 109 77 21

14764 215 62 44 12

⌃⌫llj 3090000 1434318 411923 117562 29915 19052 2757

134029 38253 9733 6199 897

TABLE VI. Cutflow for all signals and backgrounds. Here, in each cell, the top line represents the number
of light di-jet events while the bottom one refers to those enriched by cc̄ states, as described in the text.

V. CONCLUSIONS

In summary, we have studied the process e�p ! ⌫ehq assuming the decay channel h ! cc̄, where
h is the discovered SM-like state, at a FCC-eh with Eb = 50 TeV and Ee� = 60 GeV in presence
of a �80% polarisation of the e

� beam. We considered this channel in the context of a 2HDM-III
embedding a four-zero texture in the Yukawa matrices and a general Higgs potential, where both
Higgs doublets are coupled with up- and down-type fermions, as a theoretical framework that
can be mapped into the standard four types of 2HDM. Hence, we have defined three limits of it
reproducing the Type I, II and Y (but not X, which o↵ers no sensitivity to our study) setups. The
purpose was to show that this collider has the ability to access the Yukawa coupling between the

9

Now, having defined two di-jet samples accounting for flavour (mis)tagging e↵ects, in order to
remove the contamination from backgrounds having kinematic configurations similar to the signals,
irrespectively of the flavour composition, we proceed by enforcing the following sets of cuts. (Notice
that the kinematics of any h decay into di-jets is the same, given the much larger value of mh = 125
GeV with respect to any mq with q = d, u, s, c and b.)

A) We impose the following initial conditions for jets and leptons: pT (j) > 10 GeV, pT (l) > 10
GeV and |⌘(j)| < 6. Once these requirements are combined with the described tagging
procedure, we have events composed of missing (transverse) energy and three jets.

B) From the left histogram of Figure 2, one can select the most relevant signature in terms
of jet multiplicity, specifically, we select events with exactly two jets. In fact, the third jet
typically comes directly from the primary vertex and is very forward, when not outside the
detection zone (i.e., |⌘(j3)| > 6), therefore it is not considered in our analysis. Furthermore,
for any jet multiplicity N [j] > 3, the signal yield is far too depleted to be of numerical
interest. Another cut is over the missing (transverse) energy, as we take ET/ > 30 GeV
(see the histogram on the right-hand side of Figure 2). Specifically, this cut is very strong
against the ejjj background, as it keeps only around 20% of such events without penalising
the signals excessively.

C) The third set of cuts are imposed over the pseudorapidity and transverse momentum of each
jet. To start with, we use ⌘ ordering to tag the first or second jet (i.e., |⌘(j1)| > |⌘(j2)|).
About pseudorapidity, we demand ⌘(j1) < �3.5 and ⌘(j2) < �4. These cuts are highly
restrictive onto ejjj and ⌫jjj, keeping around of 8% and 50% of these events, respectively
(see top histograms in Figure 3). Furthermore, the selections in jet transverse momentum
are pT (j1) < 90 GeV, which has a strong impact on the ejjj and ett backgrounds, and
pT (j2) > 30 GeV, which a↵ects mainly the ⌫jjj and ⌫tb noises (see bottom histograms in
Figure 3).

D) We impose that �R(j1, j2) ⌘
p

��(j1, j2)2 +�⌘(j1, j2)2 > 1.6. This cut enhances the signal
above all backgrounds except ejjj: see Figure 4.

E) Finally, we impose a selection on invariant mass for of the two jets, which are the candidates
to reconstruct the SM-like Higgs boson mass. Specifically, this cut is 100 GeV< M(j1, j2) <
125 GeV: see Figure 5.

(Notice that we have illustrated the kinematics of the Ia incarnation of the 2HDM-III signal but
we can confirm that results are extremely similar for the IIa and Y cases as well.)

The response of all signals and backgrounds to each of the above cuts is captured in Table VI.
Here, the top value in each row represents the signal rate with no flavour being filtered, i.e., this
is the e↵ective di-jet final state defined above as Nj + Nb!j + Nc!j while the bottom value is
the estimated number of Nc events made up by cc̄ pairs recognised as such. It is clear that the
kinematic selection is e↵ective in significantly reducing all of the latter without greatly a↵ecting
all of the former. This is well exemplified by the values of the final S versus B rates, including
the significances, defined as Sp

S+B
. The fact that the corresponding values are always well beyond

5, whichever flavour tagging, clearly indicates the discovery potential of both h ! jj and h ! cc̄

events at the FCC-eh with a confidence level against the possibility of a background fluctuation
far higher than at any hadron collider foreseen at CERN, i.e., a HL-LHC and FCC-hh [20, 91], and
comparable to that of the FCC-ee [92], a future e

+
e
� collider therein.
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Background Cross section [pb] Number of events

νejjj 172 1.75× 108

νebjj 16.1 1.61× 107

νebbj 1.8 1.8× 106
∑

ν3j 189.9 108

νellj 3.09 3.09× 106

νetb 12.47 1.24× 107

ejjj 948 9.48× 108

ebjj 17.8 1.78× 107

ebbj 75.4 75.4× 107
∑

ejjj 1040 109

ett 0.35 3.5× 105

TABLE IV. Background cross sections and event rates at parton level after the following cuts: pT (q) > 10
GeV, ∆R(q, q) > 0.3 and |η(q)| < 7 (assuming the usual FCC-eh parameters).

label as Nb→j . (In fact, the latter also includes a ∝ (1−εb) subleading contribution from mistagged
sb̄ + C.C. events.) This will add to the true number of events with only light jets, Nj , where j = s.
Likewise, the portion of cc̄ events recognised as such is Nc = ε2c , which in turn implies that 1− ε2c
of these will appear as light jets, labelled as Nc→j. These will also add to the Nj rate alongside
the Nb→j one. In order to perform an unbiased measurement of the Yukawa coupling hcc̄ we can
only rely on the Nc sample. However, we can use the sample constituted by Nj + Nb→j + Nc→j

di-jet events, wherein it is not necessary to extract the fraction of b-jets appearing as c-jets, for
validation purposes, to ensure that the two measurements are consistent with each other, so that,
in the remainder of our analysis, we will consider the two cases in parallel.

Now, having defined two di-jet samples accounting for flavour (mis)tagging effects, in order to
remove the contamination from backgrounds having kinematic configurations similar to the signals,
irrespectively of the flavour composition, we proceed by enforcing the following sets of cuts. (Notice
that the kinematics of any h decay into di-jets is the same, given the much larger value of mh = 125
GeV with respect to any mq with q = d, u, s, c and b.)

A) We impose the following initial conditions for jets and leptons: pT (j) > 10 GeV, pT (l) > 10
GeV and |η(j)| < 6. Once these requirements are combined with the described tagging
procedure, we have events composed of missing (transverse) energy and three jets.

B) From the left histogram of Figure 2, one can select the most relevant signature in terms
of jet multiplicity, specifically, we select events with exactly two jets. In fact, the third jet
typically comes directly from the primary vertex and is very forward, when not outside the
detection zone (i.e., |η(j3)| > 6), therefore it is not considered in our analysis. Furthermore,
for any jet multiplicity N [j] > 3, the signal yield is far too depleted to be of numerical
interest. Another cut is over the missing (transverse) energy, as we take ET/ > 30 GeV
(see the histogram on the right-hand side of Figure 2). Specifically, this cut is very strong
against the ejjj background, as it keeps only around 20% of such events without penalising
the signals excessively.

C) The third set of cuts are imposed over the pseudorapidity and transverse momentum of each
jet. To start with, we use η ordering to tag the first or second jet (i.e., |η(j1)| > |η(j2)|).
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FIG. 5. Di-jet invariant mass distribution. These histograms are made for the Ia (top-left), IIa (top-
right) and Y (bottom) incarnations of the 2HDM-III signal (red histogram) as well as the five categories of
background discussed in the text (here stacked beneath the signal). Here, we present the rates for the case
of cc̄-tagged sample.

attainable at the aforementioned hadronic machines and comparable to the FCC-ee expectations.
This conclusion applies to all three 2HDM-III incarnations discussed, each being exemplified by
two BPs at the edges of the currently allowed (by LHC data) interval on the Yukawa coupling
between the SM-like Higgs state and b-quarks.
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Summary
We show the outlook of ep colliders and how can identify new physics

We study the 2HDM-III as effective Lagrangian that induce flavor violating signatures 
and interesting signals like h,H —> sb.

We study the signal h,H —> sb in the future ep collider LHeC: e p —> q nu h. We 
have a significance up to 5 for h SM-like and for H  with mass 130-150 GeV: a 
significance around to 4 for both colliders LHeC and FCC-eh. 

Our study is consistent with flavor physics, Higgs physics and EWPO.

Following the some strategies for the neutral Higgs boson, we study the production 
of H+ in the channel cb for the future ep collider LHeC and extrapolate our results 
for FCC-eh.

We show some results for H- —>cb. We have sufficient  event rates in order to get 
a significance 4.18 at 100 fb^-1 (6.89 at1000 fb^-1) for LHeC.  For FCC-eh, the 
significance  could reach 11.2 at 1000 fb^-1 

We study the signal h —> cc in the future ep collider FCCeh.


