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1. LHeC, very possible in 
the near future
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1. LHeC

HERA (construction from 1984 to 1992)

e-p collider: proton substructure
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• A unique lepton proton collider

• Ee = 27.5 GeV, Ep = 920 GeV =) p
s ' 0.3 TeV

• Physics data taking: 1992-2007

• HERA I

– 1992-2000

– unpolarized lepton beams, mainly with e+.

• HERA II

– 2003-2007

– the luminosity was increased

– polarized e± data were taken with about equal amounts in terms of

charge and polarization states.

one of main physics goals: measure structure of the proton to 1/1000 of proton size.

Missing: h1h1, h1h2, h2h2, H
+
H

�
, H

±
h1, H

±
h2

Missing: h1h1, h1h2, h2h2

significance Z

for �34 = 0

MS mono-Z mono-� mono-W

(no-cut) (E�

T
> 10 GeV, |⌘| < 2.5) (no-cut)

60 8.13 13.91 17.88

70 5.60 9.09 12.35

200 0.40 0.43 0.86

MS mono-Z mono-� mono-W mono-WW

(no-cut) (E�

T
> 10 GeV, |⌘| < 2.5) (no-cut) (no-cut)

50 4.34 6.92 120.47 90.66

70 1.56 1.87 77.85 68.23

200 0.10 0.07 9.35 14.81

• One DM particle, h1.
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Next ep collider design?

• the need for higher energy 


• the need for much higher luminosity 
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Next ep collider design?

• the need for higher energy 


• the need for much higher luminosity 

LHeC: the most feasible!
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LHeC and'FCC6he

energy'recovery'LINAC

e– beam:'60'GeV
Lint⟶ 1'ab61

operating'synchronously:
• with'HL8LHC:''''''''''''''''''''''''''''''
p'beam:'7'TeV,'√s'='1.3'TeV

• and/or'later'with'FCC8hh:''''''''''''
p'beam:'50'TeV,'√s=3.5'TeV

C. Gwenlan, High Q2 Physics at the LHeC

see'talk'by'M.'Klein
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CERN-OPEN-2012-015
LHeC-Note-2012-002 GEN
Geneva, June 13, 2012

���e

A Large Hadron Electron Collider at CERN

Report on the Physics and Design
Concepts for Machine and Detector

LHeC Study Group

First CDR in 2012
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Figure 4: Schematic view of the default LHeC racetrack configuration. Each linac accelerates the beam to 10GeV,
which leads to a 60GeV electron energy at the interaction point after three passes through the opposite linear structures
of 60 cavity-cryo modules each. The arc radius is about 1 km, mainly determined by the synchrotron radiation loss of
the 60GeV beam which is decelerated for recovering the beam power after having passed the IP. The default tunnel
circumference is 1/3 that of the LHC. The tunnel is designed to be tangential to IP2. Detailed civil engineering
considerations are described in the CDR.

where Ne = 109 is the number of electrons per bunch, Np = 1.7 · 1011 the number of protons per
bunch, f = 1/� = 40MHz the bunch frequency with the bunch distance � = 25ns, ✏p = 3.7µm the
normalized proton transverse beam emittance and �

⇤ = 0.1m the value of the proton beta function
at the IP, assumed to be equal in x and y. The just quoted numbers are taken from the CDR.
They correspond to the nominal LHC proton beam parameters and lead to a peak luminosity of
1033 cm�2s�1. The electron beam current is given as

Ie = eNef =
P

Ee

, (2)

where Ie is given in mA, P is the electron beam power, in MW, and Ee the electron beam energy
in GeV. From the values above one derives that the current to reach 1033 cm�2s�1 under the quoted
conditions is Ie = 6.4mA. This corresponds to 384MW beam power at Ee = 60GeV. Given a
100MW wall-plug power limit for the design this can only be realized in an energy recovery mode.
This implies CW operation which can be realized with SC cavity gradients of about 20MV/m for
two linacs of 1 km length each. The configuration considered in the CDR uses P0 = 24MW linac
grid power, which assumes an ERL e�ciency of ⌘ = 0.94 and P = P0/(1� ⌘). A total of 78MW is
foreseen assuming a cryogenics power consumption of 21MW, which may be reduced with a quality
factor Q0 of the superconducting (SC) cavities exceeding the assumed 2.5 · 1010, and 23MW for the
compensation of synchrotron losses in the return arcs. The quality of the SC cavity and mastering
the ERL technique are critical to the success of the LHeC.

The luminosity may be further enhanced because the proton beam brightness, Np/✏p, is expected
to be larger by a factor of 2.5 than here assumed, the electron current may be doubled based on
an enlarged Q0 value and �

⇤ could be reduced to 5 cm. If all these improvements were realized the
LHeC would be an ep collider with a luminosity of 1034 cm�2s�1 enhancing substantially its Higgs
and BSM physics potential. Small corrections to Eq. 1 as are discussed in the CDR, may be an
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• Default LHeC racetrack configuration. 

• After 3 passes, we have the target electron energy. 

• Simultaneous run of LHC and LHeC
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CDR in 2020: cost reduction
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Figure 2.2: Schematic view of the three-turn LHeC configuration with two oppositely positioned electron
linacs and three arcs housed in the same tunnel. Two configurations are shown: Outer: Default Ee =
60 GeV with linacs of about 1 km length and 1 km arc radius leading to an ERL circumference of about
9 km, or 1/3 of the LHC length. Inner: Sketch for Ee = 50 GeV with linacs of about 0.8 km length and
0.55 km arc radius leading to an ERL circumference of 5.4 km, or 1/5 of the LHC length, which is smaller
than the size of the SPS. The 1/5 circumference configuration is flexible: it entails the possibility to
stage the project as funds of physics dictate by using only partially equipped linacs, and it also permits
upgrading to somewhat higher energies if one admits increased synchrotron power losses and operates at
higher gradients.

The electron beam current is given as

Ie = eNef , (2.2)

where f is the bunch frequency 1/�. The current for the LHeC is limited by the charge delivery
of the source. In the new default design we have Ie = 20mA which results from a charge of
500 pC for the bunch frequency of 40 MHz. It is one of the tasks of the PERLE facility to
investigate the stability of the 3-turn ERL configuration in view of the challenge for each cavity
to hold the sixfold current due to the simultaneous acceleration and deceleration of bunches at
three di↵erent beam energies each.

2.4.1 Electron-Proton Collisions

The design parameters of the luminosity were recently provided in a note describing the FCC-eh
configuration [35], including the LHeC. Tab. 2.3 represents an update comprising in addition
the initial 30GeV configuration and the lower energy version of the FCC-hh based on the LHC
magnets2. For the LHeC, as noted above, we assume Ee = 50GeV while for FCC-eh we retain
60 GeV. Since the source limits the electron current, the peak luminosity may be taken not to

2 The low energy FCC-pp collider, as of today, uses a 6T LHC magnet in a 100 km tunnel. If, sometime in
the coming decades, high field magnets become available based on HTS technology, then a 20TeV proton beam
energy may even be achievable in the LHC tunnel. To this extent the low energy FCC considered here and an
HTS based HE-LHC would be comparable options in terms of their energy reach.

28

- 40%
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Figure 1: An rz cross section of the LHeC detector in its baseline design with the solenoid and dipole magnets
placed between the electromagnetic and the hadronic calorimeters. The interaction point is surrounded by a central
tracker system, complemented by large forward and backward tracker telescopes, and followed by sets of calorimeters,
see text. The detector dimensions are ⇡ 13.6m longitudinally to the beam and ⇡ 9.3m in diameter, which may be
compared with the CMS dimensions of 21⇥ 15m2.

is �/E = 8.5/
q
E/GeV � 0.3%. The hadronic energy resolution, from a first combined LAr and

scintillator tile calorimeter simulation is �/E = 32/
q
E/GeV � 8.6%.

The CDR [5] also contains designs for forward and backward tagging devices for di↵ractive and
neutron physics and for photo-production and luminosity measurements, respectively. The radiation
level at the LHeC is much lower than in pp, and the ep cross section is low enough for the experiment
not to su↵er from any pile-up, which are the two most demanding constraints for the ATLAS and
CMS detectors and their upgrades for the HL-LHC. The choice of components for the LHeC detector
can rely on the experience obtained at HERA, at the LHC, including its detector upgrades currently
being developed, and also on detector development studies for the ILC. The detector development,
while requiring prototyping, may therefore proceed without an extended R&D program.

The time schedule of the LHeC project is given by the LHC and its upgrade project, which
demand a detector to be ready within about 10 � 12 years. A first installation study was made
considering pre-mounting the detector at the surface, lowering and installing it at IP2. The detector
is small enough to fit into the L3 magnet structure of 11.2m diameter, which is still resident in IP2
and would be available as mechanical support. Based on the design, as detailed in the CDR, it is
estimated that the whole installation can be done in 30months, which appears to be compliant with
the operations currently foreseen in the LS3 shutdown in the early twenties.

3

We can distinguish forward from backward
11
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CDR in 2020: cost reduction

depend on Ee. Studies of the interaction region design, presented in this paper, show that one
may be confident of reaching a �

⇤ of 10 cm but it will be a challenge to reach even smaller values.
Similarly, it will be quite a challenge to operate with a current much beyond 20 mA. That has
nevertheless been considered [36] for a possible dedicated LHeC operation mode for a few years
following the pp operation program.

Parameter Unit LHeC FCC-eh

CDR Run 5 Run 6 Dedicated Ep=20 TeV Ep=50 TeV

Ee GeV 60 30 50 50 60 60
Np 1011 1.7 2.2 2.2 2.2 1 1
✏p µm 3.7 2.5 2.5 2.5 2.2 2.2
Ie mA 6.4 15 20 50 20 20
Ne 109 1 2.3 3.1 7.8 3.1 3.1
�

⇤ cm 10 10 7 7 12 15
Luminosity 1033 cm�2s�1 1 5 9 23 8 15

Table 2.3: Summary of luminosity parameter values for the LHeC and FCC-eh. Left: CDR from 2012;
Middle: LHeC in three stages, an initial run, possibly during Run 5 of the LHC, the 50 GeV operation
during Run 6, both concurrently with the LHC, and a final, dedicated, stand-alone ep phase; Right:
FCC-eh with a 20 and a 50 TeV proton beam, in synchronous operation.

The peak luminosity values exceed those at HERA by 2–3 orders of magnitude. The operation
of HERA in its first, extended running period, 1992-2000, provided an integrated luminosity
of about 0.1 fb�1 for the collider experiments H1 and ZEUS. This may now be expected to be
taken in a day of initial LHeC operation.

2.4.2 Electron-Ion Collisions

The design parameters and luminosity were also provided recently [35] for collisions of electrons
and lead nuclei (fully stripped 208Pb82+ ions). Tab. 2.4 is an update of the numbers presented
there for consistency with the Run 6 LHeC configuration in Tab. 2.3 and with the addition
of parameters corresponding to the Ep = 20TeV FCC-hh configuration. Further discussion of
this operating mode and motivations for the parameter choices in this table are provided in
Section 10.3.

One can expect the average luminosity during fills to be about 50% of the peak in Tab. 2.4
and we assume an overall operational e�ciency of 50%. Then, a year of eA operation, possibly
composed by combining shorter periods of operation, would have the potential to provide an
integrated data set of about 5 (25) fb�1 for the LHeC (FCC-eh), respectively. This exceeds
the HERA electron-proton luminosity value by about tenfold for the LHeC and much more at
FCC-eh while the fixed target nuclear DIS experiment kinematics is extended by 3–4 orders of
magnitude. These energy frontier electron-ion configurations therefore have the unique potential
to radically modify our present view of nuclear structure and parton dynamics. This is discussed
in Chapter 4.

29

with LHC

a final, dedicated, stand-alone ep phase 
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Merit 1: small backgrounds

• Hadron colliders

– High luminosity LHC (HL-LHC);

– High energy LHC (HE-LHC);

– Future Circular Collider for hadrons (FCC-hh);

• Electron-positron colliders

– International Linear Collider (ILC);

– Compact Linear Collider (CLIC);

– Future Circular Collider for electrons and positrons

(FCC-ee);

– Chinese Electron-Positron Collider (CEPC).

• Electron-hadron colliders

– HL-LHeC, HE-LHeC, and FCC-eh.

�(pp ! W±
) ' 10

5
pb

4

LHC: single W production
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Merit 1: small backgrounds

LHeC: only through VBF

• Hadron colliders

– High luminosity LHC (HL-LHC);

– High energy LHC (HE-LHC);

– Future Circular Collider for hadrons (FCC-hh);

• Electron-positron colliders

– International Linear Collider (ILC);

– Compact Linear Collider (CLIC);

– Future Circular Collider for electrons and positrons

(FCC-ee);

– Chinese Electron-Positron Collider (CEPC).

• Electron-hadron colliders

– HL-LHeC, HE-LHeC, and FCC-eh.

�(pp ! W±
) ' 10

5
pb

4

momentum of the outgoing scattered lepton, p
`

T
, of 10 GeV or alternatively 5 GeV, are imposed

and other basic cuts are p
j

T
> 20 GeV, |⌘e,j | < 5 and �Rej < 0.4. The resulting Standard Model

total cross sections of the above processes are listed in Tab. 5.3.

Process Ee = 50GeV, Ep = 7TeV Ee = 60GeV, Ep = 7TeV Ee = 60GeV, Ep = 7TeV
p

e

T
> 10 GeV p

e

T
> 10 GeV p

e

T
> 5 GeV

e
�

W
+
j 1.00 pb 1.18 pb 1.60 pb

e
�

W
�

j 0.930 pb 1.11 pb 1.41 pb
⌫

�
e

W
�

j 0.796 pb 0.956 pb 0.956 pb
⌫

�
e

Zj 0.412 pb 0.502 pb 0.502 pb
e
�

Zj 0.177 pb 0.204 pb 0.242 pb

Table 5.3: The SM predictions of direct W and Z production cross sections in e
�

p collisions for di↵erent
collider beam energy options, Ee, and final state forward electron transverse momentum cut, p

e

T
. Two

di↵erent electron beam energy options are considered, Ee = 50GeV and 60 GeV.

The process with the largest production cross section in e
�
p scattering is the single W

+ boson
production. This will be the optimal channel of both the SM measurement and new physics
probes in the EW sector. Also, this channel is experimentally preferred since the W

+ is produced
in NC scattering, so the beam electron is measured in the detector, and the W -boson has opposite
charge to the beam lepton and thus in a leptonic decay an opposite charge lepton and missing
transverse momentum is observed. Altogether, it is expected that a few million of direct W -
boson events are measured at LHeC.

Several 105 direct Z events are measured, which corresponds approximately to the size of the
event sample of the SLD experiment [436], but at the LHeC these Z bosons are predominantly
produced in VBF events.

All these total cross sections increase significantly with smaller transverse momentum of the
outgoing scattered lepton. Therefore it will become important to decrease that threshold with
dedicated electron taggers, see Chapter 12.

5.2.2 Anomalous Triple Gauge Couplings

The measurement of gauge boson production processes provides a precise measurement of the
triple gauge boson vertex. The measurement is sensitive to new physics contributions in anoma-
lous Tripe Gauge Couplings (aTGC). The LHeC has advantages of a higher centre-of-mass
energy and easier kinematic analysis in the measurement of aTGCs.

In the e↵ective field theory language, aTGCs in the Lagrangian are generally parameterised as

LTGC/gWWV = ig1,V (W+
µ⌫W

�
µ V⌫ �W

�
µ⌫W

+
µ V⌫) + iV W

+
µ W

�
⌫ Vµ⌫ +

i�V

M
2
W

W
+
µ⌫W

�
⌫⇢V⇢µ

+g
V

5 ✏µ⌫⇢�(W+
µ

 !
@ ⇢W

�
⌫ )V� � g

V

4 W
+
µ W

�
⌫ (@µV⌫ + @⌫Vµ)

+ĩV W
+
µ W

�
⌫ Ṽµ⌫ +

i�̃V

M
2
W

W
+
�µ

W
�
µ⌫ Ṽ⌫�, (5.14)

where V = �, Z. The gauge couplings gWW� = �e, gWWZ = �e cot ✓W and the weak mixing

angle ✓W are from the SM. Ṽµ⌫ and A
 !
@ µB are defined as Ṽµ⌫ = 1

2✏µ⌫⇢�V⇢�, A
 !
@ µB = A(@µB)�

(@µA)B, respectively. There are five aTGCs (g1,Z , V , and �V ) conserving the C and CP

127

LHC: single W production
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Merit 2: No gluon fusion at LO
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Merit 2: No gluon fusion at LO

Merit 3: Practically no Pile-up
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Merit 4: electron beam polarization

Pe=80% can enhance the CC mode.
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Doubling the luminosity!
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2. Parton Distribution 
Functions 
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From the QCD fit to the combined H1 and ZEUS data
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Figure 3.1: Parton distributions as determined by the QCD fit to the combined H1 and ZEUS data at
Q

2 = 1.9 GeV2 (top) and at Q
2 = 10 GeV2 (bottom). The color coding represents the experimental,

model and parameterisation uncertainties separately. Here xS = 2x(u + d) denotes the total sea quark
density. Note that xg and xS are scaled by 1/20 in the left side plots with a linear y scale.

proton structure is dominated by the up and down valence quarks. This picture evolves such
that below 10�16 m, for x  0.1, the gluon density dominates also over the sea quark density,
see Figure 3.1 (bottom). The valence quark distributions are rather insensitive to the resolution
which reflects their non-singlet transformation behaviour in QCD.

The HERAPDF set di↵ers from other PDF sets in that: i) it represents a fit to a consistent data
set with small correlated systematic uncertainties; ii) it uses data on solely a proton target such
that no heavy target corrections are needed and the assumption of strong isospin invariance,
dproton = uneutron, is not required; iii) a large x, Q

2 region is covered such that no regions where
higher twist e↵ects are important are included in the analysis.

The limitations of HERA PDFs are known as well: i) the data is limited in statistics such
that the region x > 0.5 is poorly constrained; ii) the energy is limited such that the very low
x region, below x ' 10�4, is not or not reliably accessed; iii) limits of luminosity and energy
implied that the potential of the flavour resolution through weak interactions, in NC and CC,
while remarkable, could not be utilised accurately and ↵s not been determined alongside PDFs
in solely inclusive fits; iv) while the strange quark density was not accessed by H1 and ZEUS,
only initial measurements of xc and xb could be performed. The strong success with respect

37

0.2

0.4

0.6

0.8

1

-410 -310 -210 -110 1

2 = 3.5 GeV
min
2 HERAPDF2.0 NLO Q

uncertainties: 
 experimental
 model
 parameterisation
 
 Alternative gluon param.  

x

xf 2 = 2 GeV2
f
µ

vxu

vxd

 0.05)×xS (
 0.05)×xg (

-310

-210

-110

1

10

-410 -310 -210 -110 1

2 = 3.5 GeV
min
2 HERAPDF2.0 NLO Q

 exp. uncert.
 model uncert.
 parametrisation uncert.
 
 Alternative gluon param.  

x

xf

2 = 2 GeV2
f
µ

vxu

vxd

xS 

xg 

0.2

0.4

0.6

0.8

1

-410 -310 -210 -110 1

2 = 3.5 GeV
min
2 HERAPDF2.0 NLO Q

uncertainties: 
 experimental
 model
 parameterisation
 
 Alternative gluon param.  

x

xf 2 = 10 GeV2
f
µ

vxu

vxd

 0.05)×xS (

 0.05)×xg (

-310

-210

-110

1

10

-410 -310 -210 -110 1

2 = 3.5 GeV
min
2 HERAPDF2.0 NLO Q

 exp. uncert.
 model uncert.
 parametrisation uncert.
 
 Alternative gluon param.  

x

xf

2 = 10 GeV2
f
µ

vxu

vxd

xS 

xg 

Figure 3.1: Parton distributions as determined by the QCD fit to the combined H1 and ZEUS data at
Q

2 = 1.9 GeV2 (top) and at Q
2 = 10 GeV2 (bottom). The color coding represents the experimental,

model and parameterisation uncertainties separately. Here xS = 2x(u + d) denotes the total sea quark
density. Note that xg and xS are scaled by 1/20 in the left side plots with a linear y scale.

proton structure is dominated by the up and down valence quarks. This picture evolves such
that below 10�16 m, for x  0.1, the gluon density dominates also over the sea quark density,
see Figure 3.1 (bottom). The valence quark distributions are rather insensitive to the resolution
which reflects their non-singlet transformation behaviour in QCD.

The HERAPDF set di↵ers from other PDF sets in that: i) it represents a fit to a consistent data
set with small correlated systematic uncertainties; ii) it uses data on solely a proton target such
that no heavy target corrections are needed and the assumption of strong isospin invariance,
dproton = uneutron, is not required; iii) a large x, Q

2 region is covered such that no regions where
higher twist e↵ects are important are included in the analysis.

The limitations of HERA PDFs are known as well: i) the data is limited in statistics such
that the region x > 0.5 is poorly constrained; ii) the energy is limited such that the very low
x region, below x ' 10�4, is not or not reliably accessed; iii) limits of luminosity and energy
implied that the potential of the flavour resolution through weak interactions, in NC and CC,
while remarkable, could not be utilised accurately and ↵s not been determined alongside PDFs
in solely inclusive fits; iv) while the strange quark density was not accessed by H1 and ZEUS,
only initial measurements of xc and xb could be performed. The strong success with respect
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Large uncertainty, especially small x for gluon PDF
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The gluon distribution, as it is obtained from the fit to the LHeC inclusive NC/CC data, is
shown in Fig. 3.15. The determination of xg will be radically improved with the LHeC NC and
CC precision data, which provide constraints on @F2/@ ln Q

2 down to very low x values, � 10�5,
and large x  0.8.
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Figure 3.15: Gluon distribution at Q
2 = 1.9 GeV2 as a function of x. Left: the distribution is displayed

as the ratio to the CT18 PDF set and highlights the low x region. Right: the distribution is shwon on
a linear x scale and highlights the high x region. The yellow band corresponds to the “LHeC 1st run”
PDFs (D2), while the dark blue shows the “LHeC inclusive” PDFs (D4+D5+D6+D9), as described in
the text. Both LHeC PDFs shown are scaled to the central value of CT18.

Below x ' 5 · 10�4, the HERA data provide almost zero constraints due to the kinematic limits
and therefore the gluon is not well known today at lower x. This can be seen in all modern PDF
sets. With the LHeC, a precision of a few per cent at small x is achieved down to about 10�5.
This should resolve the question of non-linear parton interactions at small x (cf. Sect. 4.2). It
also has direct implications for the LHC (and even stronger for the FCC): with the extension of
the rapidity range to about 4 at the HL-LHC by ATLAS and CMS, Higgs physics will become
small x physics for which xg must be known very accurately since gg ! H is the dominant
production mechanism.

At large x, i.e. at values greater than 0.3, the gluon distribution becomes very small. In this
region, the uncertainty on xg is very large, and the gluon distributions from several PDF groups
di↵er substantially. The limited experimental constraints are partially due to the small lumi-
nosity at HERA, while uncertainties on jet measurements are not negligible also. In addition, at
high-x the valence quarks dominate, the non-singlet evolution of which is insensitive to the gluon
distribution. At the LHeC, the very large luminosity provides NC and CC data to accurately
access the highest values of x, disentangling the sea from the dominant valence part. The gluon
distribution at high x is then largely constrained through the momentum sum-rule which at the
LHeC (and FCC-eh) profits from the seminal coverage from x near 1 down to very small values of
x. The resulting very small uncertainties on the high-x quark and gluon PDFs, as illustrated in
the Figures, are of great importance for BSM searches in hadron-hadron collisions at high scales
as is illustrated in this paper. If the LHeC established non-linear parton interactions at small
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Uncertainty bands for parton luminosities as a function of the mass 

There are drawbacks to the use of Drell-Yan and other hadron collider data for the PDF deter-
mination and advantages for ep scattering: i) DIS has the ability to prescribe the reaction type
and the kinematics (x, Q

2) through the reconstruction of solely the leptonic vertex; ii) there
are no colour reconnection and, for the lepton vertex, no hadronisation e↵ects disturbing the
theoretical description; iii) the most precise LHC data, on W and Z production, are located at
a fixed equivalent Q

2 = M
2
W,Z

and represent a snapshot at a fixed scale which in DIS at the

LHeC varies by more than 5 orders of magnitude 10.

There are further di�culties inherent to the use of LHC data for PDF determinations, such as
hadronisation corrections and incompatibility of data. For example, the most recent CT18 [67]
global PDF analysis had to arrange for a separate set (CT18A) because the standard fit would
not respond well to the most precise ATLAS W, Z data taken at 7TeV cms. The intent to
include all data can only be realised with the introduction of so-called �

2 tolerance criteria
which fundamentally a↵ect the meaning of the quoted PDF uncertainties.
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Figure 3.21: Uncertainty bands for parton luminosities as a function of the mass MX =
p

sx1x2 for
LHC energies. The yellow band corresponds to the “LHeC 1st run” PDFs (D2), while the dark blue
shows a fit to the LHeC inclusive data sets (D4+D5+D6+D9) in Tab. 3.2 together with the simulated
heavy flavour s, c, b data with a 5 quark distribution parameterisation as described in the text. Both
LHeC PDFs shown are scaled to the central value of CT18.

Conceptually, the LHeC enables us to change this approach completely. Instead of trying to use

10This is mitigated by measurements of Drell-Yan scattering at low masses, which are less precise, however.
At high masses, M =

p
sx1x2 >> MW,Z , one soon reaches the region where new physics may occur, i.e. there

arises the di�culty to separate unknown physics from the uncertainty of the quark and gluon densities at large
x. High mass Drell Yan searches often are performed at the edge of the data statistics, i.e. they can not really be
guided by data but miss a reliable guidance for the behaviour of the SM background around and beyond a (non-)
resonant e↵ect they would like to discover.
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Figure 5.2: Left: Measurements of the W -boson mass assuming fixed values for the top-quark and
Z-boson masses at the LHeC for di↵erent scenarios in comparison with today’s measurements [437–439]
and the world average value (PDG19) [183]. For LHeC, prospects for Ee = 60 GeV and 50 GeV are
displayed, as well as results for the two scenarios with 0.5 % or 0.25 % uncorrelated uncertainty (see text).
Right: Comparison of the precision for MW for di↵erent assumptions of the uncorrelated uncertainty of
the pseudodata. The uncertainty of the world average value is displayed as horizontal line. The nominal
(and alternative) size of the uncorrelated uncertainty of the inclusive NC/CC DIS pseudodata is indicated
by the vertical line (see text).

uncertainties can be reduced from the prospected 0.5 % to 0.25 % 1, a precision for MW of up to

�MW(LHeC-60) = ±5(exp) ± 3(PDF) MeV = 6(tot) MeV and (5.9)

�MW(LHeC-50) = ±6(exp) ± 6(PDF) MeV = 8(tot) MeV

for LHeC-60 and LHeC-50 may be achieved, respectively. A complete dependence of the expected
total experimental uncertainty �MW on the size of the uncorrelated uncertainty component is
displayed in Fig. 5.2, and with a more optimistic scenario an uncertainty of up to �MW ⇡ 5 MeV
can be achieved. In view of such a high accuracy, it will be important to study carefully
theoretical uncertainties. For instance the parameteric uncertainty due to the dependence on
the top-quark mass of 0.5 GeV will yield an additional error of �MW = 2.5 MeV. Also higher-
order corrections, at least the dominating 2-loop corrections in DIS will have to be studied and
kept under control. Then, the prospected determination of the W -boson mass from LHeC data
will be among the most precise determinations and significantly improve the world average value
of MW. It will also become competitive with its prediction from global EW fits with present
uncertainties of about �MW = 7MeV [183,440,441].

While the determination of MW from LHeC data is competitive with other measurements, the
experimental uncertainties of a determination of MZ are estimated to be about 11 MeV and
13 MeV for LHeC-60 and LHeC-50, respectively. Therefore, the precision of the determination
of MZ at LHeC cannot compete with the precise measurements at the Z-pole by LEP+SLD and
future e

+
e
� colliders may even improve on that.

A simultaneous determination of MW and MZ is displayed in Fig. 5.3 (left). Although the
precision of these two mass parameters is only moderate, a meaningful test of the high-energy

1Due to performance reasons, the pseudodata are generated for a rather coarse grid. With a binning which is
closely related to the resolution of the LHeC detector, much finer grids in x and Q

2 are feasible. Already such a
change would alter the uncertainties of the fit parameters. However, such an e↵ect can be reflected by a changed
uncorrelated uncertainty, and a value of 0.25% appears like an optimistic, but achievable, alternative scenario.
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Weak Neutral Current Couplings 
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Figure 5.4: Weak NC vector and axial-vector couplings of u-type (left) and d-type quarks (right) at 68 %
confidence level (C.L.) for simulated LHeC data with Ee = 50GeV. The LHeC expectation is compared
with results from the combined LEP+SLD experiments [444], a single measurement from D0 [445] and
one from H1 [423]. The standard model expectations are diplayed by a red star, partially hidden by the
LHeC prospects.

The subleading contributions to self-energy corrections have a Higgs-boson mass dependence

and are proportional to log
M

2
H

M
2
W

. When fixing all other EW parameters the Higgs boson mass

could be constrained indirectly through these loop corrections with an experimental uncertainty
of �mH =+29

�23 to +24
�20 GeV for di↵erent LHeC scenarios, which is again similar to the indirect

constraints from a global electroweak fit [441], but not competitive with direct measurements.

5.1.5 Weak Neutral Current Couplings

The vector and axial-vector couplings of up-type and down-type quarks to the Z, g
q

V
and g

q

A
,

see Eq. (5.7), are determined in a fit of the four coupling parameters together with the PDFs.

Coupling PDG Expected uncertainties

parameter value LHeC-60 LHeC-60 (�uncor.=0.25%) LHeC-50

g
u

A
0.50 +0.04

�0.05 0.0022 0.0015 0.0035
g

d

A
�0.514 +0.050

�0.029 0.0055 0.0034 0.0083
g

u

V
0.18 ±0.05 0.0015 0.0010 0.0028

g
d

V
�0.35 +0.05

�0.06 0.0046 0.0027 0.0067

Table 5.1: Light-quark weak NC couplings (gu

A
,gd

A
,gu

V
,gd

V
) and their currently most precise values from

the PDG [183] compared with the prospected uncertainties for di↵erent LHeC scenarios. The LHeC
prospects are obtained in a simultaneous fit of the PDF parameters and all four coupling parameters
determined at a time.

The resulting uncertainties are collected in Tab. 5.1. The two-dimensional uncertainty contours
at 68% confidence level obtained from LHeC data with Ee = 50GeV are displayed in Fig. 5.4
for the two quark families and compared with available measurements. While all the current
determinations from e

+
e
�, ep or pp̄ data have a similar precision, the future LHeC data will

greatly improve the precision of the weak neutral-current couplings and expected uncertainties
are an order of magnitude smaller than the currently most precise ones [183]. An increased
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Anomalous Triple Gauge Couplings 

and other basic cuts are p
j

T
> 20 GeV, |⌘e,j | < 5 and �Rej < 0.4. The resulting Standard Model

total cross sections of the above processes are listed in Tab. 5.3.

Process Ee = 50GeV, Ep = 7TeV Ee = 60GeV, Ep = 7TeV Ee = 60GeV, Ep = 7TeV
p

e

T
> 10 GeV p

e

T
> 10 GeV p

e

T
> 5 GeV

e
�

W
+
j 1.00 pb 1.18 pb 1.60 pb

e
�

W
�

j 0.930 pb 1.11 pb 1.41 pb
⌫

�
e

W
�

j 0.796 pb 0.956 pb 0.956 pb
⌫

�
e

Zj 0.412 pb 0.502 pb 0.502 pb
e
�

Zj 0.177 pb 0.204 pb 0.242 pb

Table 5.3: The SM predictions of direct W and Z production cross sections in e
�

p collisions for di↵erent
collider beam energy options, Ee, and final state forward electron transverse momentum cut, p

e

T
. Two

di↵erent electron beam energy options are considered, Ee = 50GeV and 60 GeV.

The process with the largest production cross section in e
�
p scattering is the single W

+ boson
production. This will be the optimal channel of both the SM measurement and new physics
probes in the EW sector. Also, this channel is experimentally preferred since the W

+ is produced
in NC scattering, so the beam electron is measured in the detector, and the W -boson has opposite
charge to the beam lepton and thus in a leptonic decay an opposite charge lepton and missing
transverse momentum is observed. Altogether, it is expected that a few million of direct W -
boson events are measured at LHeC.

Several 105 direct Z events are measured, which corresponds approximately to the size of the
event sample of the SLD experiment [444], but at the LHeC these Z bosons are predominantly
produced in VBF events.

All these total cross sections increase significantly with smaller transverse momentum of the
outgoing scattered lepton. Therefore it will become important to decrease that threshold with
dedicated electron taggers, see Chapter 12.

5.2.2 Anomalous Triple Gauge Couplings

The measurement of gauge boson production processes provides a precise measurement of the
triple gauge boson vertex. The measurement is sensitive to new physics contributions in anoma-
lous Tripe Gauge Couplings (aTGC). The LHeC has advantages of a higher centre-of-mass
energy and easier kinematic analysis in the measurement of aTGCs.

In the e↵ective field theory language, aTGCs in the Lagrangian are generally parameterised as

LTGC/gWWV = ig1,V (W+
µ⌫W

�
µ V⌫ �W

�
µ⌫W

+
µ V⌫) + iV W

+
µ W

�
⌫ Vµ⌫ +

i�V

M
2
W

W
+
µ⌫W

�
⌫⇢V⇢µ

+g
V

5 ✏µ⌫⇢�(W+
µ

 !
@ ⇢W

�
⌫ )V� � g

V

4 W
+
µ W

�
⌫ (@µV⌫ + @⌫Vµ)

+ĩV W
+
µ W

�
⌫ Ṽµ⌫ +

i�̃V

M
2
W

W
+
�µ

W
�
µ⌫ Ṽ⌫�, (5.14)

where V = �, Z. The gauge couplings gWW� = �e, gWWZ = �e cot ✓W and the weak mixing

angle ✓W are from the SM. Ṽµ⌫ and A
 !
@ µB are defined as Ṽµ⌫ = 1

2✏µ⌫⇢�V⇢�, A
 !
@ µB = A(@µB)�

(@µA)B, respectively. There are five aTGCs (g1,Z , V , and �V ) conserving the C and CP

condition with electromagnetic gauge symmetry requires g1,� = 1. Only three of them are
independent because �Z = �� and �Z = �g1,Z � tan2

✓W �� [462–464]. The LHeC can set
future constraints on �� and �� .
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Figure 5.11: The 95% C.L. exclusion limit on the ��-�� plane. The purple dashed contour is the
projected LHeC exclusion limit with 1 ab�1 integrated luminosity [467]. The blue, green and red contours
are current bounds from LHC [470,471] and LEP [472].

realistic analysis at detector level, one expects 2-3 ab�1 integrated luminosity to achieve same
results [467].

One uncertainty in the aTGC measurement at the (HL-)LHC comes from the PDF uncertainty.
Future LHeC PDF measurement will improve the precision of aTGC measurement in the x '
O(10�2) region.

5.3 Top Quark Physics

SM top quark production at a future ep collider is dominated by single top quark production,
mainly via CC DIS production. A leading-order Feynman diagram is displayed in Fig. 5.12
(left). The total cross section for single top quark production is 1.89 pb at the LHeC [473] and
a centre-of-mass energy of 1.3TeV, i.e. with an electron beam energy of 60 GeV and an LHC
proton beam of 7 TeV. The second important production mode for top quarks at the LHeC is
photoproduction of top-antitop quark pairs (tt̄), where a total cross section of 0.05 pb is expected
at the LHeC [474]. Figure 5.12 (right) shows an example Feynman diagram. This makes a future
LHeC a top quark factory and an ideal tool to study top quarks with a high precision, and to
analyse in particular their electroweak interaction. Selected highlights in top quark physics are
summarised here.

5.3.1 Wtq Couplings

The top quark couplings to gauge bosons can be modified significantly in models with new top (or
third generation) partners, such as in some extensions of the minimal supersymmetric standard
model, in little Higgs models, top-color models, top seesaw, top compositeness, and others.
Testing them is therefore of utmost importance to find out whether there are other sources of
electroweak symmetry breaking that are di↵erent from the standard Higgs mechanism.

One highlight at the LHeC is the direct measurement of the CKM matrix element |Vtb|. Such
a measurement can be done without making any model assumptions, like for instance on the
unitarity of the CKM matrix or the number of quark generations. An elaborate analysis of the
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Top quark production @ ep 

Figure 5.12: Example graphs for top quark production in CC DIS (left) and for tt̄ photoproduction
(right).

single top quark CC DIS process at the LHeC, which makes use of a detailed detector simulation
using the DELPHES package [475], shows that already at 100 fb�1 of integrated luminosity an
uncertainty of 1% can be expected. This compares to a total uncertainty of 4.1 % of the currently
most accurate result at the LHC Run-I performed by the CMS experiment [476].

The same process is also highly sensitive to the search for anomalous left- and right-handed Wtb

vector (fL

1 , f
R

1 ) and tensor (fL

2 , f
R

2 ) couplings [473]. These are given by an e↵ective Lagrangian,

LWtb = � gp
2
b̄�

µ
Vtb(f

L

1 PL � f
R

1 PR)tW�
µ � gp

2
b̄
i�

µ⌫
q⌫

MW

(fL

2 PL � f
R

2 PR)tW�
µ + h.c. (5.15)

In the SM formalism f
L

1 = 1 and f
R

1 = f
L

2 = f
R

2 = 0. The e↵ect of anomalous Wtb couplings is
consistently evaluated in the production and the decay of the antitop quark, cf. Fig. 5.12 (left).5

The expected limits for the anomalous couplings at 95 % confidence level from a measurement of
single top quark production in CC DIS at the LHeC, is displayed in Fig. 5.13. This analysis only
exploits hadronic top quark decays [473]. The coupling parameters are expected to be measured
with accuracies of 1% for the SM f

L

1 coupling determining |Vtb| (as discussed above) and of 4%
for f

L

2 , 9 % for f
R

2 , and 14% for f
R

1 at 1 ab�1.

In a similar way, through W boson and bottom (light) quark associated production, the CKM
matrix elements |Vtx| (x = d, s) can be extracted with very high precision utilizing a parameter-
isation of the deviations from the respective SM values. Here, the W boson and the b-jet (light
jet j = d, s) are produced via t-channel top quark exchange, or via s-channel single top quark
decay, as outlined in [478]. As an example, the processes

Signal 1: pe
� ! ⌫et̄ ! ⌫eW

�
b̄ ! ⌫e`

�
⌫`b̄

Signal 2: pe
� ! ⌫eW

�
b ! ⌫e`

�
⌫`b

Signal 3: pe
� ! ⌫et̄ ! ⌫eW

�
j ! ⌫e`

�
⌫`j

are analyzed in an elaborate study, where a detailed detector simulation is performed with
the DELPHES package [475]. Fig. 5.14 shows the resulting accuracies at the 2� confidence
level (C.L.) for an expected measurement of |Vtd| and |Vts|, respectively, as a function of the
integrated luminosity. At 1 ab�1 of integrated luminosity and an electron polarisation of 80 %,
the 2� limits improve on existing limits from the LHC [479] (interpreted by [480]) by a factor of
⇡ 3.5. Analyzing Signal 3 alone, and even more when combining Signals 1, 2 and 3, will allow for

5Further studies of the top quark charged current coupling can be found in [477]. There, a more general
framework is employed using the full basis of SU(2)L ⇥U(1) operators, including the relevant four-fermion ones.
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Studies of nonresonant Higgs pair production at electron-proton colliders

Adil Jueid, Jinheung Kim, Soojin Lee, Jeonghyeon Song
Department of Physics, Konkuk University, Seoul 05029, Republic of Korea

Abstract

The measurement of the Higgs quartic coupling modifier between a Higgs boson pair and a vector boson pair, 2V , is expected to be
achieved from vector-boson fusion (VBF) production of a Higgs boson pair. However, this process involves another unmeasured
parameter, the trilinear Higgs self-coupling modifier �. A sensitivity analysis should target both parameters. Since the LHC
cannot avoid the gluon fusion pollution, which becomes severe for non-SM �, an electron-proton collider is more appropriate
for the comprehensive measurement. In this regard, we study the VBF production of a Higgs boson pair in the bb̄bb̄ final state
at the LHeC and FCC-he. Performing detailed analysis using the simulated dataset, we devise the search strategy specialized at
the LHeC and FCC-he and give a prediction for the sensitivity to both 2V and �. We find that the two electron-proton colliders
have high potential: the LHeC has similar exclusion prospects as the HL-LHC; the FCC-he is extremely e�cient, excluding the
parameter space outside 2V 2 [0.8, 1.2] and � 2 [1, 2.5] at 95% C.L. for the total luminosity of 10 ab�1 and 10% uncertainty on
the background yields.

Keywords: HHVV coupling, trilinear Higgs self-coupling, LHeC, FCC-he

1. Introduction

tu�, tc�, tuZ, tcZ

Albeit the absence of any signatures of the physics beyond the
Standard Model (BSM), the journey to the final theory of the
Universe will never stop. One important task to achieve the goal
is to measure every coupling among the SM particles precisely,
especially to the Higgs boson H. The Higgs coupling modifiers
associated with a single Higgs boson have been observed to
be SM-like at the LHC [? ? ]. Their future projections at
the high luminosity LHC (HL-LHC) expect the precisions at
or below the percent level [? ]. However, coupling modifiers
involving a pair of Higgs bosons remain unmeasured, such as
� for the trilinear Higgs self-coupling and 2V for the quartic
coupling between a Higgs boson pair and a vector boson pair.
The � shall be probed mainly from nonresonant Higgs boson
pair (HH) production via gluon fusion: the triangle diagram
mediated by the Higgs boson in the s-channel gives access to
�. It is found that if � , 1, non-trivial changes occur on
both the shape and rate of the main kinematic distributions [?
]. The current observed interval at the 95% confidence level
(C.L.) is �5.0 < � < 12.0 in the ATLAS analysis [? ] and
�11.8 < � < 18.8 in the CMS analysis [? ]. Several studies
of the prospects for measuring � at the HL-LHC and future
colliders have been performed [? ? ? ? ? ? ? ? ], which expect
more stringent bounds.

The quartic coupling modifier 2V is much more challenging
to measure at the LHC since the most e�cient process, non-
resonant HH production via vector boson fusion (VBF), has
very small cross-section of �SM

VBF(pp! HH j j)
���
N3LO = 1.73 fb

at
p

s = 13 TeV [? ] in addition to the huge SM backgrounds.
The ATLAS collaboration performed the first search and ex-
cluded 2V < �0.76 and 2V > 2.90 at the 95% C.L. for V = 1
and � = 1 [? ]. The assumption of V = 1 is well moti-
vated by the Higgs precision measurements at the LHC, but
� = 1 is questionable. The VBF production of HH, which
also depends on � via the H-mediated s-channel diagram, is
susceptible to anomalous Higgs self-coupling (� , 1). For ex-
ample, the cross-section for � = 5 at the 14 TeV LHC is about
twenty times that for � = 1. More serious is the pollution from
the gluon fusion production of HH associated with two jets,
gg ! HH j j [? ? ]. This pollution also has the contribution
from � and greatly increases for � , 1.1 Considering huge
QCD uncertainties in the gluon fusion pollution [? ], we expect
an inevitable limitation to the precision measurement of 2V at
the LHC.

Targeting the measurements of � and 2V without the as-
sumption about � and thus the ambiguity of the gluon fusion
pollution, we turn to two electron-proton colliders, the Large
Hadron electron Collider (LHeC) [? ? ? ] and the Future Cir-
cular Collider (FCC-he) [? ]. The development of the energy
recovery linac for the electron beam makes it possible to simul-
taneously operate the pp and e

�
p collisions. In particular, the

LHeC has a bright outlook as its working group recently an-
nounced the default configuration and staging based on the cost
estimation [? ]. We find the following advantages of electron-
proton colliders in probing rare BSM events:

• The pileup, which degrades the quality of the data for

1The ATLAS collaboration treated the gluon fusion pollution as a back-
ground because they assumed � = 1 and thus knew its rate [? ].
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Figure 5.16: Example graphs for single top quark production via FCNC tq� (left) and tuZ (right)
couplings.

The values of these couplings vanish at the lowest order in the SM. The study assumes that
�

L
q = �

R
q = �q and 

L
q = 

R
q = q. Top FCNC couplings as introduced in Eq. (5.17) would lead

to Feynman graphs as shown in Fig. 5.16.

In an elaborate analysis, events are selected that include at least one electron and three jets
from hadronic top quark decay, with high transverse momentum, and within the detector’s
pseudorapidity acceptance range. The invariant mass of two jets, reconstructing the W boson
mass, and an additional jet tagged as b-jet, are used to reconstruct the top quark mass. The
respective distribution is used to further enhance signal over background events, mainly given
by W + jets production. Interference e↵ects between signal and background are included. The
DELPHES package [475] is used to simulate the detector.

Figure 5.17 (left) presents expected limits on the branching ratios BR(t ! q�) and BR(t ! qZ)
at the 2� C.L., as a function of the integrated luminosity. Assuming an integrated luminosity
of 1 ab�1, limits of BR(t ! q�) < 1 · 10�5 and BR(t ! qZ) < 4 · 10�5 are expected. This level
of precision is close to concrete predictions by new phenomena models, that have the actual
potential to produce FCNC top quark couplings, such as SUSY, little Higgs, and technicolour.
These limits are expected to improve on existing limits from the LHC by one order of mag-
nitude [14], and will be similar to limits expected from the High Luminosity-LHC (HL-LHC)
with 3000 fb�1 [187]. They will also improve limits from the International Linear Collider (ILC)
with an integrated luminosity of 500 fb�1 at a centre-of-mass energy of

p
s = 250GeV [489,490]

by an order of magnitude (see also Fig. 5.19). The expected sensitivities on BR(t ! q�) and
BR(t ! qZ) are presented in Fig. 5.17 (right), as a function of the centre-of-mass energy. At
a future FCC-ep [14] with a 60 GeV electron beam energy, and a 50TeV proton beam energy,
leading to a centre-of-mass energy of 3.5 TeV, the sensitivity to FCNC tq� couplings are expected
to exceed sensitivities from the HL-LHC with 3000 fb�1 at

p
s = 14TeV [187].

A further search for top quark FCNC tuZ and tcZ couplings has been performed [491] in
a detailed analysis including a DELPHES [475] detector simulation. The e↵ective couplings
investigated are of vector and tensor nature, the latter corresponding to those in Eq. (5.17).
The e↵ect of these couplings is probed in single top quark production (see Fig. 5.16 right). It
is shown that the polar angle ✓ of the scattered initial state electron in association with top
quark polarisation asymmetries constructed from angular distributions of the lepton from top
quark decay, allow to distinguish the Lorentz structure of the couplings. From a multi-parameter
analysis, a reach of the order O(10�2) in case of vector couplings and 0.1 � 0.5 TeV�1 in case
of tensor couplings are obtained at the 95% C.L. for an integrated luminosity of 2 ab�1. This
corresponds to respective limits on the branching ratio BR(t ! uZ) of 9 ·10�5 (15 ·10�5) for the
left-(right-)handed vector coupling, and of 4 · 10�5 (6 · 10�5) for the left-(right-)handed tensor
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Figure 5.17: Expected sensitivities on FCNC t ! qV branching ratios (left), as a function of the
integrated luminosity [487,488]. Right: the expected upper limits on FCNC t ! qV branching ratios are
shown dependent on the centre-of-mass-energy.

coupling.

Another sensitive search for FCNC tqH couplings as defined in

LFCNC = tuH t̄uH + tcH t̄cH + h.c. (5.18)

can be performed in CC DIS production as shown in Fig. 5.18 (left). Here, singly produced top
anti-quarks could decay via such couplings into a light up-type anti-quark and a Higgs boson
which further decays into a bottom quark-antiquark pair, e

�
p ! ⌫et̄ ! ⌫eHq̄ ! ⌫ebb̄q̄ [492].

Another signal process is given by the appearance of the FCNC tqH coupling in the production
vertex, involving a light quark from the proton interacting via t-channel top quark exchange
with a W boson, which is radiated from the initial electron, and produces a b quark and a Higgs
boson decaying into a bottom quark-antiquark pair, e

�
p ! ⌫eHb ! ⌫ebb̄b [492]. This channel

has a similar sensitivity as the previous one because of the clean experimental environment
that can be achieved by requiring three jets to be identified as b-jets. The most important
backgrounds are expected to be Z ! bb̄, SM H ! bb̄, and single top quark production where
the top quark decays hadronically. In order to account for the limited accuracy of the background
yield calculations, 5% of systematic uncertainty is added. In this analysis, parameterisations for
the resolutions of electrons, photons, muons, jets and unclustered energy are applied utilizing
typical parameter values as measured at the ATLAS experiment. Furthermore, it is assumed
that the b-tag rate is 60 %, the c-jet fake rate is 10%, and the light-jet fake rate is 1%. For
the di↵erent signal contributions, separate selections are established and optimised. As a result,
the expected upper limits on the branching ratio Br(t ! Hu) with 1�, 2�, 3�, and 5� C.L.
are presented in Fig. 5.18 (right), as a function of the integrated luminosity. The signal process
e
�
p ! ⌫et̄ ! ⌫eHq̄ ! ⌫ebb̄ is presented. Upper limits of Br(t ! Hu) < 1.5 · 10�3 are expected

at the 2� C.L. for an integrated luminosity of 1 ab�1.

In Fig. 5.19 the di↵erent expected limits on various FCNC top quark couplings from the LHeC
are summarised, and compared to results from the LHC and the HL-LHC. This documents
the competitiveness of the LHeC results, and clearly shows the complementarity of the results
gained at di↵erent colliders.
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Figure 5.18: Example Feynman graph for associated single top quark and Higgs boson production via
FCNC tqH couplings (left). Expected sensitivities on FCNC t ! uH branching ratios are given as a
function of the integrated luminosity [492] (right).

5.3.7 Summary of Top Quark Physics

Top quark physics at the LHeC represents a very rich and diverse field of research involving
high precision measurements of top quark properties, and sensitive searches for new physics.
In particular the top couplings to the photon, the W boson and possible FCNC interactions
can be studied in a uniquely clean environment. One signature analysis is the expected direct
measurement of the CKM matrix element |Vtb| with a precision of less than 1 % in CC DIS. In
top quark pair photoproduction the magnetic and electric dipole moments of the top quark can
be probed directly with higher sensitivity than indirect limits from b ! s� and the potential
limits from the LHC through tt̄� production. Furthermore, FCNC top quark couplings can
be studied with a precision high enough to explore those couplings in a regime that might be
a↵ected by actual new phenomena models, such as SUSY, little Higgs, and technicolour.

It has been shown [14], that results from future e
+
e
�-colliders, eh-colliders, and hh-colliders

deliver complimentary information and will therefore give us a more complete understanding of
the properties of the heaviest elementary particle known to date, and of the top quark sector in
general.
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Figure 5.18: Example Feynman graph for associated single top quark and Higgs boson production via
FCNC tqH couplings (left). Expected sensitivities on FCNC t ! uH branching ratios are given as a
function of the integrated luminosity [492] (right).
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In particular the top couplings to the photon, the W boson and possible FCNC interactions
can be studied in a uniquely clean environment. One signature analysis is the expected direct
measurement of the CKM matrix element |Vtb| with a precision of less than 1 % in CC DIS. In
top quark pair photoproduction the magnetic and electric dipole moments of the top quark can
be probed directly with higher sensitivity than indirect limits from b ! s� and the potential
limits from the LHC through tt̄� production. Furthermore, FCNC top quark couplings can
be studied with a precision high enough to explore those couplings in a regime that might be
a↵ected by actual new phenomena models, such as SUSY, little Higgs, and technicolour.

It has been shown [14], that results from future e
+
e
�-colliders, eh-colliders, and hh-colliders

deliver complimentary information and will therefore give us a more complete understanding of
the properties of the heaviest elementary particle known to date, and of the top quark sector in
general.
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30Figure 5.19: Summary of 95% C.L. limits on top quark branching fractions in searches for FCNC in
top quark production or decays. The LHeC results (black lines) are compared to current LHC limits
(blue and red dots), to HL-LHC predictions with 3000 fb�1 at

p
s = 14TeV [187] (magenta lines), and

to predictions from a future ILC collider with 500 fb�1 at
p

s = 250GeV [489, 490] (green lines). The
results are also compared to various theory predictions (hached areas).
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in electron-proton scattering.

7.2 Higgs Production in Deep Inelastic Scattering

In deep inelastic electron-proton scattering, the Higgs boson is predominantly produced through
WW fusion in charged current DIS (CC) scattering, Fig. 1. The next large Higgs production
mode in ep is ZZ ! H fusion in neutral current DIS (NC) scattering, Fig. 1, which has a smaller
but still sizable cross section. These ep Higgs production processes are very clean for a number

q q
0

W
+

W
�

H

e
� ⌫e

q q
0

Z

Z

H

e
�

e
�

Figure 7.1: Higgs boson production in charged (left) and neutral (right) current deep inelastic electron-
proton scattering to leading order.

of reasons:

• even at the high luminosity of 1034 cm�2s�1 the inclusive pileup is only 0.1 (1) for the
LHeC (FCC-eh) and the final state signature therefore free from event overlap, in contrast
to the HL-LHC where it will typically be 150;

• in ep, contrary to pp, there is no initial nor final state colour (re)connection;

• the higher-order corrections are small. For the total CC process they were estimated [582]
to be of the order of only 1% for the QCD part, subject to cut dependencies yielding
shape changes up to 20 %, and �5 % for the QED part (with a weak dependence on
the PDF choice). The smallness of the QCD corrections was attributed mainly to the
absorption of gluon and quark radiation e↵ects in the evolution of the parton distributions
(PDFs) [582]. The PDFs will be measured with very high precision at any of the ep

colliders here considered, see Chapter 3, thus allowing a unique self-consistency of Higgs
cross section measurements.

The NC reaction is even cleaner than the CC process as the scattered electron fixes the kinematics
more accurately than the missing energy. While in pp both WW and ZZ processes are hardly
distinguishable, in ep they uniquely are, which provides an important, precise constraint on the
WWH and ZZH couplings.

7.2.1 Kinematics of Higgs Production

At HERA the kinematics was conveniently reconstructed through event-wise measurements of
Q

2 and y. The reconstruction of the kinematics in charged currents uses the inclusive hadronic
final state measurements. Based on the energies E

0
e and Eh and the polar angles ⇥e and ⇥h

of the scattered electron and the hadronic final state, respectively, one obtains a redundant
determination of the kinematics in neutral current scattering. This permits a cross calibration
of calorimetric measurements, of the electromagnetic and hadronic parts and of di↵erent regions
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Higgs production cross section in fb 

Parameter Unit LHeC HE-LHeC FCC-eh FCC-eh

Ep TeV 7 13.5 20 50p
s TeV 1.30 1.77 2.2 3.46

�CC (P = �0.8) fb 197 372 516 1038
�NC (P = �0.8) fb 24 48 70 149
�CC (P = 0) fb 110 206 289 577
�NC (P = 0) fb 20 41 64 127

HH in CC fb 0.02 0.07 0.13 0.46

Table 7.1: Total cross sections, in fb, for inclusive Higgs production, MH = 125 GeV, in charged and
neutral current deep inelastic e

�
p scattering for an unpolarised (P = 0) and polarised (P = �0.8)

Ee = 60 GeV electron beam and four di↵erent proton beam energies, Ep, for LHeC, HE-LHeC and two
FCC-eh versions. The c.m.s. energy squared in ep is s = 4EeEp. The last row shows the double-Higgs
CC production cross sections in fb. The calculations are at LO QCD using the CTEQ6L1 PDF [583] and
the default scale of MadGraph [375] with dependencies due to scale choices of 5-10 %.

Number of Events

Charged Current Neutral Current

Channel Fraction LHeC FCC-eh LHeC FCC-eh

bb 0.581 114 500 1 208 000 14 000 175 000
W

+
W

� 0.215 42 300 447 000 5 160 64 000
gg 0.082 16 150 171 000 2000 25 000
⌧

+
⌧

� 0.063 12 400 131 000 1 500 20 000
cc 0.029 5700 60 000 700 9 000
ZZ 0.026 5 100 54 000 620 7 900

�� 0.0023 450 5 000 55 700
Z� 0.0015 300 3 100 35 450
µ

+
µ

� 0.0002 40 410 5 70

� [pb] 0.197 1.04 0.024 0.15

Table 7.2: Total event rates, and cross sections, for SM Higgs decays in the charged (ep ! ⌫HX) and
neutral (ep ! eHX) current production in polarised (P = �0.8) electron-proton deep inelastic scattering
at LHeC (

p
s = 1.3 TeV) and FCC-eh (

p
s = 3.5 TeV), for an integrated luminosity of 1 and 2 ab�1,

respectively. The branching fractions are taken from [586]. The estimates are at LO QCD using the
CTEQ6L1 PDF and the default scale of MadGraph, see setup in Tab. 7.1.

as

�
i

CC = �CC · �i

�H

and �
i

NC = �NC · �i

�H

. (7.1)

Here the ratio of the partial to the total Higgs decay width defines the branching ratio, bri,
for each decay into AiĀi. The ep Higgs production cross section and the O(1) ab�1 luminosity
prospects enable to consider the seven most frequent SM Higgs decays, i.e. those into fermions
(bb̄, cc̄, ⌧

+
⌧

�) and into gauge particles (WW, ZZ, gg, ��) with high precision at the LHeC
and its higher energy versions.

In ep one obtains constraints on the Higgs production characteristics from CC and NC scattering,
which probe uniquely either the HWW and the HZZ production, respectively. Event by event
via the selection of the final state lepton which is either an electron (NC DIS) or missing energy
(CC DIS) those production vertices can be uniquely distinguished, in contrast to pp. In e

+
e
�,

at the ILC, one has considered operation at 250 GeV and separately at 500 GeV to optimise
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2! 0 2 4 6 8

 B normalized to SM" #

Total Stat. Syst. SM PreliminaryATLAS
-1 = 13 TeV, 24.5 - 139 fbs

| < 2.5
H

y = 125.09 GeV, |Hm
 = 87%

SM
p           Total    Stat.   Syst.

$$ggF   1.03  (  0.11±  ,  0.08±  ) 0.07!
 0.08+ 

ZZggF   0.94  (  0.10!
 0.11+  ,  0.10±  ) 0.04± 

WWggF   1.08  (  0.18!
 0.19+  ,  0.11±  ) 0.15± 

%%ggF   1.02  (  0.55!
 0.60+  ,  0.38!

 0.39+  ) 0.39!
 0.47+ 

ggF comb.   1.00  (  0.07±  ,  0.05±  ) 0.05± 

$$VBF   1.31  (  0.23!
 0.26+  ,  0.18!

 0.19+  ) 0.15!
 0.18+ 

ZZVBF   1.25  (  0.41!
 0.50+  ,  0.40!

 0.48+  ) 0.08!
 0.12+ 

WWVBF   0.60  (  0.34!
 0.36+  ,  0.27!

 0.29+  ) 0.21± 

%%VBF   1.15  (  0.53!
 0.57+  ,  0.40!

 0.42+  ) 0.35!
 0.40+ 

bbVBF   3.03  (  1.62!
 1.67+  ,  1.60!

 1.63+  ) 0.24!
 0.38+ 

VBF comb.   1.15  (  0.17!
 0.18+  ,  0.13±  ) 0.10!

 0.12+ 

$$ VH   1.32  (  0.30!
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 0.31+  ) 0.09!
 0.11+ 

ZZ VH   1.53  (  0.92!
 1.13+  ,  0.90!

 1.10+  ) 0.21!
 0.28+ 

bb VH   1.02  (  0.17!
 0.18+  ,  0.11±  ) 0.12!

 0.14+ 

 comb.VH   1.10  (  0.15!
 0.16+  ,  0.11±  ) 0.10!

 0.12+ 
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VV tH+ttH   1.72  (  0.53!
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Figure 5: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalized to their SM predictions. The values are obtained from a simultaneous fit to all channels. The
cross sections of the ggF, � ! 11̄, +�, � ! ,,

⇤ and +�, � ! gg processes are fixed to their SM predictions.
Combined results for each production mode are also shown, assuming SM values for the branching fractions into
each decay mode. The black error bars, blue boxes and yellow boxes show the total, systematic, and statistical
uncertainties in the measurements, respectively. The gray bands show the theory uncertainties in the predictions.
The level of compatibility between the measurement and the SM prediction corresponds to a ?-value of ?SM = 87%,
computed using the procedure outlined in the text with 16 degrees of freedom.
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Higgs precision test at the other future collidersEPJ Web of Conferences

3 Future

The discovery of a Higgs boson is only the first step in a
comprehensive study of electroweak symmetry breaking.
In the coming years one of the main tasks of ATLAS and
CMS will be to study this Higgs boson and to determine
its properties in detail. As discussed in Sec. 2 we already
have first results on the coupling strength. While it might
be disappointing to (some of) us theorists that there ap-
pears to be no deviation from the Standard Model predic-
tions, we need to keep in mind that in the usual models for
physics beyond the Standard Model we would have hardly
expected such O(1) deviations in any of the Higgs cou-
plings [25]. Moreover, many of the Higgs couplings are
not yet accessible in the 7 TeV and 8 TeV data.

The 2011 and 2012 running of the LHC has lead to
a Higgs discovery much earlier than expected. However,
due to the reduced collider energy the Higgs searches
had to entirely rely on the inclusive production processes,
dominated by Higgs production in gluon fusion. For Higgs
decays to photons and to Z bosons this clearly is su�-
cient, for the decay to W bosons the situation is already
less clear. The couplings we directly probe are therefore
the e↵ective Higgs couplings to gluons and to photons, and
the tree-level coupling to Z bosons. Everything else needs
conceptional improvement.

The situation will automatically change once the LHC
energy is increased to 13 TeV. First of all, weak boson
fusion as a Higgs production mechanism will allow for a
proper extraction of the first fermionic Higgs decay H !

⌧⌧ [26]. Using the same production channel the decay
H ! WW will be visible with a signal-to-background ra-
tion of order one [27]. Maybe, at some point we will even
be able to observe a Higgs decay to second-generation
fermions H ! µµ in this production channel [28].

The second sub-dominant Higgs production mode
which should be observable at higher energies is associ-
ated WH and ZH production, with a leptonic W or Z de-
cay. The Higgs decay we want to target with this pro-
duction process is H ! bb̄, giving us direct access to the
bottom Yukawa. The large continuum backgrounds in this
channel force us to extract the signal from phase space re-
gions with a boosted Higgs. This can best be achieved
using a Higgs tagger [29]. Similarly, we can directly ex-
tract the top Yukawa from tt̄H production, again combined
with a Higgs decay to bottoms. In that case the large QCD
backgrounds together with overwhelming combinatorics
point towards using top and Higgs taggers [30]. All of
these subdominant production and decay channels will be
thoroughly probed after the current LHC shutdown, de-
termining the individual Higgs couplings gxxH at a typical
±20% level [19].

Precision studies of electroweak gauge bosons at SLC
and LEP have been an overwhelming success. They
showed that systematic tests of particle properties at the
level of quantum corrections can be a key tool to under-
standing the structure of the underlying field theory. If we
want to improve the precision of many Higgs-related mea-
surements to the per-cent level the best way is to build a
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Figure 3. Expected precision for Higgs couplings from a high-
luminosity LHC, a 500 GeV ILC, and their combination. For the
LHC we also show a scenario with improved systematic uncer-
tainties. Figure from Ref. [31].

Higgs factory, i.e. a linear collider (ILC) which produces
e
+
e
�
! ZH events in large numbers.

A linear collider has a few major advantages: first, it
can measure the Higgs width from a combination of cross
sections times branching ratios and a total ZH cross sec-
tion measurement. Closely linked, it can study Higgs de-
cays without ever reconstructing the decay products, sim-
ply using a fully reconstructed Z decay and the known ini-
tial state parameters. Compared to the LHC coupling ex-
traction described in Sec. 2 this means that we can extract
invisible or exotic Higgs decays without having to define
a specific search for an assumed final state.

Apart from these conceptual advantages an ILC can
in general achieve higher precision than a hadron collider,
simply because the hadron collider analysis machinery is
eventually limited by our knowledge and the poor conver-
gence of perturbative QCD. In Fig. 3 we first show pro-
jected error bars on all available Higgs couplings for a
luminosity-upgraded LHC. Because modern Higgs analy-
ses for example depend on jet observables which violate
collinear factorization we do not postulate significantly
improved theory errors. Similarly, e↵ects like pile-up turn
constant systematic uncertainties into a challenge once we
postulate an integrated luminosity a factor 100 above the
2011/2012 data. However, to test the e↵ect of reduced
experimental systematics we also show results for an im-
proved 2% error on the luminosity and neglecting all other
systematics. The e↵ect is relatively sobering.

For a linear collider running at a high enough energy
to also probe tt̄H production we show the same uncertain-
ties. Figure 3 shows the results based on the assumed ILC
measurements are of Refs. [32]. The result significantly
exceeds the expected LHC results. Moreover, in compar-
ison to the individual results a joint analysis translates the
improved ILC measurement of �W into an improvement
of �SM

� at the LHC, so eventually �� can be determined at
the 5% level. The case for a Higgs factory should be the
community’s next step in worldwide facilities.

09004-p.4
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Properties of B hadrons
Properties of b-hadrons 12

41

Lifetime: Long enough to lead to a measureable decay length (around 5mm for a
50 GeV boost)

Mass: Weakly decaying b-hadrons have masses around 5 GeV, leading to high
decay product multiplicities (average of 5 charged particles per decay)

Fragmentation: Much harder than jets initiated by other species (b-hadrons carry
around 75% of jet energy, on average)
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• B-tagging	algorithms	are	used	to		tag	the	b-jets	originating	from	b	
quarks.		In	first	data,	three	algorithms	are	going	to	be	used:	
–TrackCounting:	use	tracks	with	large	impact	parameter.	
– JetProb:	calculate	the	probability	of	a	track	to	be	from	light	jet.	
–Secondary	Vertex	Reconstruction	(SV0):	use	the	signed	decay	
length	significance	of	the	secondary	vertex	.
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Figure 7.7: Expected average e�ciency to tag a b-jet (upper plot) and charm-jet (lower plot) versus the
light-jet e�ciency (x-axis) based on Tevatron-style jet tagging [604]. Events are selected at DELPHES
detector level using a CC multi-jet sample and for an integrated luminosity of 100 fb�1. The coloured
lines correspond to the choice of the anti-kt distance parameter R and di↵erent assumptions in the
impact parameter resolution of 10 (5) µm (nominal, no text added in legend), 5 (2.5) µm (Half Vertex
Resolution), 20 (10) µm (Double Vertex Resolution) for tracks with 0.5 < pT < 5 (> 5) GeV within
|⌘| < 3.5.

The resulting number of H ! bb̄(cc̄) signal events versus the BDT score is illustrated in Fig. 7.8,
which shows the evident interplay between detector performance and the choice of jet parameters
R, where the R = 0.9 anti-kt jets show the worst performance. At a score of BDT=0, the highest
number of signal events are achieved for R = 0.5 anti-kt jets for both charm and beauty decays,
where the e↵ect of the impact resolution is much more stringent for the charm than for the beauty
tagging. Following Fig. 7.8, the complete BDT-based H ! bb̄(cc̄) analyses are performed for
anti-kt R = 0.5 jets and impact parameter resolution of 5 (2.5) µm (Half Vertex Resolution) for
tracks with 0.5 < pT < 5 (> 5) GeV within |⌘| < 3.5. The acceptance times e�ciency values are
about 28 % for the H ! bb̄ and about 11 % for the H ! cc̄ channel at BDT=0.

The results of the BDT H ! bb̄ and H ! cc̄ analyses, assuming that each background contri-
bution is understood at the 2 % level via control regions and negligible statistical Monte Carlo
uncertainties for the background predictions for the signal region, are shown in Fig. 7.9. Us-
ing these assumptions, the resulting signal strengths are 0.8 % for the H ! bb̄ and 7.4% for
the H ! cc̄ channel. For the latter, the SM Higgs decays, in particular H ! bb̄, represent
also a part of the cc background contribution but can be controlled by the high precision of
the genuine bb result. Advanced analysis strategies to distinguish bb and cc SM Higgs decays
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Figure 7.7: Expected average e�ciency to tag a b-jet (upper plot) and charm-jet (lower plot) versus the
light-jet e�ciency (x-axis) based on Tevatron-style jet tagging [604]. Events are selected at DELPHES
detector level using a CC multi-jet sample and for an integrated luminosity of 100 fb�1. The coloured
lines correspond to the choice of the anti-kt distance parameter R and di↵erent assumptions in the
impact parameter resolution of 10 (5) µm (nominal, no text added in legend), 5 (2.5) µm (Half Vertex
Resolution), 20 (10) µm (Double Vertex Resolution) for tracks with 0.5 < pT < 5 (> 5) GeV within
|⌘| < 3.5.

The resulting number of H ! bb̄(cc̄) signal events versus the BDT score is illustrated in Fig. 7.8,
which shows the evident interplay between detector performance and the choice of jet parameters
R, where the R = 0.9 anti-kt jets show the worst performance. At a score of BDT=0, the highest
number of signal events are achieved for R = 0.5 anti-kt jets for both charm and beauty decays,
where the e↵ect of the impact resolution is much more stringent for the charm than for the beauty
tagging. Following Fig. 7.8, the complete BDT-based H ! bb̄(cc̄) analyses are performed for
anti-kt R = 0.5 jets and impact parameter resolution of 5 (2.5) µm (Half Vertex Resolution) for
tracks with 0.5 < pT < 5 (> 5) GeV within |⌘| < 3.5. The acceptance times e�ciency values are
about 28 % for the H ! bb̄ and about 11 % for the H ! cc̄ channel at BDT=0.

The results of the BDT H ! bb̄ and H ! cc̄ analyses, assuming that each background contri-
bution is understood at the 2 % level via control regions and negligible statistical Monte Carlo
uncertainties for the background predictions for the signal region, are shown in Fig. 7.9. Us-
ing these assumptions, the resulting signal strengths are 0.8 % for the H ! bb̄ and 7.4% for
the H ! cc̄ channel. For the latter, the SM Higgs decays, in particular H ! bb̄, represent
also a part of the cc background contribution but can be controlled by the high precision of
the genuine bb result. Advanced analysis strategies to distinguish bb and cc SM Higgs decays
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Abstract Measurements of the Standard Model Higgs
boson decaying into a bb̄ pair and produced in association
with a W or Z boson decaying into leptons, using proton–
proton collision data collected between 2015 and 2018 by the
ATLAS detector, are presented. The measurements use colli-
sions produced by the Large Hadron Collider at a centre-of-
mass energy of

!
s = 13 TeV, corresponding to an integrated

luminosity of 139 fb"1. The production of a Higgs boson in
association with a W or Z boson is established with observed
(expected) significances of 4.0 (4.1) and 5.3 (5.1) standard
deviations, respectively. Cross-sections of associated produc-
tion of a Higgs boson decaying into bottom quark pairs with
an electroweak gauge boson, W or Z , decaying into leptons
are measured as a function of the gauge boson transverse
momentum in kinematic fiducial volumes. The cross-section
measurements are all consistent with the Standard Model
expectations, and the total uncertainties vary from 30% in
the high gauge boson transverse momentum regions to 85%
in the low regions. Limits are subsequently set on the param-
eters of an effective Lagrangian sensitive to modifications of
the WH and ZH processes as well as the Higgs boson decay
into bb̄.
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1 Introduction

The Higgs boson [1–6] was discovered in 2012 by the ATLAS
and CMS Collaborations [7,8] with a mass of approximately
125 GeV from the analysis of proton–proton (pp) collisions
produced by the Large Hadron Collider (LHC) [9]. Since
then, the analysis of data collected at centre-of-mass ener-
gies of 7 TeV, 8 TeV and 13 TeV in Runs 1 and 2 of the LHC
has led to the observation and measurement of many of the
production modes and decay channels predicted by the Stan-
dard Model (SM) [10–25].

The most likely decay mode of the SM Higgs boson is
into pairs of b-quarks, with an expected branching fraction
of 58.2% for a mass of mH = 125 GeV [26,27]. How-
ever, large backgrounds from multi-jet production make a
search in the dominant gluon–gluon fusion production mode
very challenging at hadron colliders [28]. The most sensi-
tive production modes for detecting H # bb̄ decays are
the associated production of a Higgs boson and a W or Z
boson [29], referred to as the V H channel (V = W or
Z ), where the leptonic decay of the vector boson enables
efficient triggering and a significant reduction of the multi-
jet background. As well as probing the dominant decay of
the Higgs boson, this measurement allows the overall Higgs
boson decay width [30,31] to be constrained, provides the
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Table 10 The Higgs boson signal, background and data yields for each
signal region in the 0- and 1-lepton channels after the full selection. The
signal and background yields are normalised to the results of the global
likelihood fit. All systematic uncertainties are included in the indicated

uncertainties. An entry of “–” indicates that a specific background com-
ponent is negligible in a certain region, or that no simulated events are
left after the analysis selection

Signal regions 0-lepton 0-lepton 1-lepton 1-lepton

150 GeV < pVT < 250 GeV pVT > 250 GeV 150 GeV < pVT < 250 GeV pVT > 250 GeV

Sample 2-jet 3-jet 2-jet 3-jet 2-jet 3-jet 2-jet 3-jet

Z + jets 2846 ± 80 3830 ± 160 338 ± 13 533 ± 23 102 ± 5 207 ± 11 10 ± 1 25 ± 2

W + jets 634 ± 63 1500 ± 110 83 ± 9 220 ± 19 1850 ± 160 4080 ± 270 353 ± 33 935 ± 69

Single top 237 ± 35 770 ± 130 9 ± 2 36 ± 8 990 ± 160 3570 ± 600 70 ± 15 313 ± 66

t t̄ 1157 ± 76 5470 ± 220 39 ± 5 151 ± 16 4600 ± 210 21030 ± 620 188 ± 19 970 ± 58

Diboson 360 ± 55 333 ± 79 86 ± 13 70 ± 17 229 ± 57 264 ± 83 57 ± 15 68 ± 22

Multi-jet – – – – 130 ± 47 24 ± 14 16 ± 10 7 ± 8

Total bkg. 5234 ± 63 11910 ± 100 554 ± 15 1011 ± 21 7899 ± 82 29170 ± 170 694 ± 23 2318 ± 42

Signal (µ = 1.02) 147 ± 24 130 ± 22 40 ± 6 33 ± 6 148 ± 24 125 ± 21 52 ± 9 44 ± 7

Data 5397 11875 578 1046 8044 29316 727 2378

Table 11 The Higgs boson signal, background and data yields for each
signal region in the 2-lepton channel after the full selection. The sig-
nal and background yields are normalised to the results of the global
likelihood fit. The top background is derived from eµ-CR data. All

systematic uncertainties are included in the indicated uncertainties. An
entry of “–” indicates that a specific background component is negli-
gible in a certain region, or that no simulated events are left after the
analysis selection

Signal regions 2-lepton 2-lepton 2-lepton

75 GeV < pVT < 150 GeV 150 GeV < pVT < 250 GeV pVT > 250 GeV

Sample 2-jet !3-jet 2-jet !3-jet 2-jet !3-jet

Z + jets 5900 ± 100 11630 ± 160 716 ± 19 2499 ± 52 84 ± 3 537 ± 16

W + jets 1 ± 0 6 ± 0 < 1 2 ± 0 < 1 < 1

Top 3193 ± 57 8796 ± 87 52 ± 7 389 ± 19 1 ± 1 15 ± 4

Diboson 283 ± 47 443 ± 78 83 ± 14 169 ± 30 20 ± 4 52 ± 10

Total bkg. 9378 ± 86 20880 ± 130 851 ± 19 3058 ± 44 106 ± 4 605 ± 14

Signal (µ = 1.02) 78 ± 14 106 ± 21 34 ± 6 59 ± 12 10 ± 2 18 ± 3

Data 9463 20927 881 3148 123 614

ting the nuisance parameters according to the values deter-
mined by the fit used to measure µbb

V H .

9 Results

9.1 Signal strength measurements

The post-fit normalisation factors of the unconstrained back-
grounds in the global likelihood fit are shown for the single-
POI multivariate analysis in Table 9, the post-fit signal and
background yields are shown in Tables 10 and 11, and Fig. 3
shows the BDTV H output distributions in the high-pVT 2-jet
SRs, which are most sensitive to the signal.

For a Higgs boson mass of 125 GeV, when all channels
are combined, the fitted value of the V H signal strength is:

µbb
V H = 1.02+0.18

"0.17 = 1.02+0.12
"0.11(stat.)+0.14

"0.13(syst.).

For the V H production mode the background-only hypothe-
sis is rejected with a significance of 6.7 standard deviations,
to be compared with an expectation of 6.7 standard devia-
tions [122].

The results of the combined fit when measuring signal
strengths separately for the WH and ZH production pro-
cesses are shown in Fig. 4. The WH and ZH production
modes reject the background-only hypothesis with observed
(expected) significances of 4.0 (4.1) and 5.3 (5.1) standard
deviations, respectively. The fitted values of the two signal
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Fig. 4 The fitted values of the Higgs boson signal strength µbb
V H for

mH = 125 GeV for the WH and ZH processes and their combination.
The individual µbb

V H values for the (W/Z)H processes are obtained
from a simultaneous fit with the signal strength for each of the WH and
ZH processes floating independently. The probability of compatibility
of the individual signal strengths is 71%

ments the total statistical and systematic uncertainties are
similar in size, with the b-tagging, jet, Emiss

T , background
modelling and signal systematic uncertainties all making
important contributions to the total systematic uncertainty.
The impact of the statistical uncertainty from the simulated
event samples has been significantly reduced compared to
the previous result [35], due to the measures taken to consid-
erably enhance the number of simulated events.

9.1.1 Dijet-mass cross-check

From the fit to mbb, for all channels combined, the value of
the signal strength is

µbb
V H = 1.17+0.25

!0.23 = 1.17 ± 0.16(stat.)+0.19
!0.16(syst.).

Using the ‘bootstrap’ method [121], the dijet-mass and nom-
inal multivariate analysis results are found to be statisti-
cally compatible at the level of 1.1 standard deviations. The
observed excess rejects the background-only hypothesis with
a significance of 5.5 standard deviations, compared to an
expectation of 4.9 standard deviations. Good agreement is
also found when comparing the values of signal strengths
in the individual channels from the dijet-mass analysis with
those from the multivariate analysis.

The mbb distribution is shown in Fig. 5 summed over all
channels and regions, weighted by their respective values of
the ratio of fitted Higgs boson signal to background yields
and after subtraction of all backgrounds except for the WZ
and Z Z diboson processes.

Table 12 Breakdown of the contributions to the uncertainty in µbb
V H

for the V H , WH and ZH signal strength measurements. The sum in
quadrature of the systematic uncertainties attached to the categories
differs from the total systematic uncertainty due to correlations

9.1.2 Diboson validation

The measurement of V Z production using a multivariate
approach, as a validation of the Higgs boson analysis, returns
a signal strength of

µbb
V Z = 0.93+0.16

!0.13 = 0.93+0.07
!0.06(stat.)+0.14

!0.12(syst.),

in good agreement with the Standard Model prediction. Anal-
ogously to the nominal analysis, fits are also performed with
separate signal strengths for the WZ and Z Z production
modes, and the results are shown in Fig. 6.

9.2 Cross-section measurements

The measured V H cross-sections times the H " bb̄ and
V " leptons branching fractions, ! # B, together with the
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The associated production of a Higgs boson with a W or Z boson decaying into leptons and where the 
Higgs boson decays to a bb̄ pair is measured in the high vector-boson transverse momentum regime, 
above 250 GeV, with the ATLAS detector. The analysed data, corresponding to an integrated luminosity 
of 139 fb"1, were collected in proton–proton collisions at the Large Hadron Collider between 2015 and 
2018 at a centre-of-mass energy of !s = 13 TeV. The measured signal strength, defined as the ratio of the 
measured signal yield to that predicted by the Standard Model, is 0.72+0.39

"0.36 corresponding to an observed 
(expected) significance of 2.1 (2.7) standard deviations. Cross-sections of associated production of a Higgs 
boson decaying into b quark pairs with a W or Z gauge boson, decaying into leptons, are measured 
in two exclusive vector boson transverse momentum regions, 250–400 GeV and above 400 GeV, and 
interpreted as constraints on anomalous couplings in the framework of a Standard Model effective field 
theory.
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1. Introduction

Since the discovery of the Higgs boson (H) [1–4] with a mass of 
around 125 GeV [5] by the ATLAS and CMS Collaborations [6,7] in 
2012, the analysis of proton–proton (pp) collision data at centre-
of-mass energies of 7 TeV, 8 TeV and 13 TeV delivered by the Large 
Hadron Collider (LHC) [8] has led to precise measurements of the 
main production cross-sections and decay rates of the Higgs bo-
son, as well as measurements of its mass and its spin and parity 
properties. In particular, the observation of the decay of the Higgs 
boson into b-quark pairs provided direct evidence for the Yukawa 
coupling of the Higgs boson to down-type quarks [9,10]. Finally, 
a combination of 13 TeV results searching for the Higgs boson 
produced in association with a leptonically decaying W or Z bo-
son established the observation of this production process [9]. A 
first cross-section measurement as a function of the vector-boson 
transverse momentum was also carried out by the ATLAS Collabo-
ration [11].

The previous ATLAS analyses [9,11] in this channel were mainly 
sensitive to vector bosons with transverse momentum (pT) in the 
range of approximately 100–300 GeV. These analyses considered a 
pair of jets with radius parameter of R = 0.4, referred to as small-
radius (small-R) jets, to reconstruct the Higgs boson. For higher 
Higgs boson transverse momenta, the decay products can become 

! E-mail address: atlas .publications @cern .ch.

close enough that they cannot be reconstructed with two small-R
jets. To explore this ‘boosted’ regime, the Higgs boson is recon-
structed as a single large-R jet with R = 1.0 [12]. This high-pT
regime is particularly interesting due to its sensitivity to physics 
beyond the Standard Model [13].

This Letter presents a measurement of cross-sections for the as-
sociated production of a high transverse momentum Higgs boson 
that decays into a bb̄ pair with a leptonically decaying W or Z
boson. The analysis uses pp collision data recorded between 2015 
and 2018 by the ATLAS detector [14] during Run 2 at the LHC. 
This dataset corresponds to an integrated luminosity of 139 fb"1. 
Events are selected in 0-, 1- and 2-lepton channels, based on the 
number of reconstructed charged leptons, " (electrons or muons), 
in the final state to explore the Z H # ##bb̄, W H # "#bb̄ and 
Z H # ""bb̄ signatures, respectively. The Higgs boson is recon-
structed as a single large-R jet and the b-quarks from its decay 
as a pair of jets, reconstructed with a pT-dependent radius param-
eter, associated with the large-R jet and identified as containing a 
b-hadron.

The analysis using small-R jets and focusing on slightly lower 
Higgs boson transverse momentum regions was recently updated 
with the complete Run 2 dataset [15]. The large-R jet analysis sig-
nificantly overlaps with the small-R jets analysis. The two results 
can therefore not be straightforwardly combined.

The dominant background processes after the event selection 
correspond to the production of V + jets, where V refers to either 
a W or Z boson, tt̄ , single-top and dibosons. The signal is extracted 

https://doi.org/10.1016/j.physletb.2021.136204
0370-2693/! 2021 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Table 4
Factors applied to the nominal normalisations of the tt , 
W + HF and Z + HF backgrounds, as obtained from the 
likelihood fit. The errors represent the combined statisti-
cal and systematic uncertainties.

Process and category Normalisation factor

tt 0-lepton 0.88 ± 0.10
tt 1-lepton 0.83 ± 0.09
W + HF 1.12 ± 0.14
Z + HF 1.32 ± 0.16

uncertainties discussed in Section 7 are constrained using Gaus-
sian or log-normal probability density functions as auxiliary terms 
in the likelihood. The normalisations of the largest backgrounds, tt̄
(in the 0- and 1-lepton channels), W +HF and Z +HF, are left un-
constrained in the fit. The background normalisation factor values 
from the fit correspond to 0.88 ± 0.10 and 0.83 ± 0.09 for tt̄ , in 
the 0- and 1-lepton channels, respectively; 1.12 ± 0.14 for W +HF 
and 1.32 ± 0.16 for Z +HF and are also summarised in Table 4. The 
fit model uses a single normalisation factor for Z +HF and compat-
ible results were found when using two different factors for the 0-
and 2-lepton channels. To account for the uncertainty due to the 
limited size of the MC simulation samples, an NP is used for each 
bin of the templates [109].

The mJ distributions with signal strengths, background normal-
isations and all NPs set at their best-fit values, are shown in Fig. 1
for all three channels’ SRs and in Fig. 2 for the CRs. The low-purity 
and high-purity categories in the case of the 0-lepton and 1-lepton 
channels are merged in Fig. 1. In all SRs and CRs a good agreement 
between the data and the prediction is observed.

For a Higgs boson mass of 125 GeV, when all lepton channels 
are combined, the observed excess with respect to the background-
only hypothesis has a significance of 2.1 standard deviations, to 
be compared with an expectation of 2.7 standard deviations. The 
fitted µbb

V H value is:

µbb
V H = 0.72+0.39

!0.36 = 0.72+0.29
!0.28(stat.)+0.26

!0.22(syst.).

In this result, the largest uncertainties are statistical and in-
clude the impact from the floating background normalisations un-
constrained in the fit. The latter component is subdominant. The 
impact of systematic uncertainties is almost as important as the 
total statistical uncertainty. The dominant source of systematic un-
certainty is experimental and related to the large-R jet calibration, 
in particular in the mJ resolution, amounting to an impact of ap-
proximately 0.13 on µbb

V H . The second largest source of systematic 
uncertainty is the background modelling, which overall has an im-
pact of approximately 0.10 on the result. The limited size of the 
MC simulation samples has a non-negligible impact of 0.09. Sys-
tematic uncertainties in the signal modelling have an impact of 
approximately 0.04, on par with uncertainties related to small-R
jets. The breakdown of the systematic uncertainties in the mea-
surement of the signal strength is displayed in Table 5.

The mJ distribution is shown in Fig. 3(a) summed over all chan-
nels and signal regions, weighted by their respective values of the 
ratio of the fitted Higgs boson signal to background yields and 
after subtraction of all backgrounds except for the W Z and Z Z
diboson processes.

Fig. 3(b) shows the results of: a fit with six V H POIs measuring 
the individual signal strengths in each of the three channels and 
pV

T bins separately; a three V H POI fit measuring the combined 
signal strengths in each channel; a two V H POI fit combining all 
channels in the two pV

T bins separately; and the overall single V H
POI combination.

For V Z production the fitted signal strength µbb
V Z is

µbb
V Z = 0.91+0.29

!0.23 = 0.91 ± 0.15(stat.)+0.24
!0.17(syst.),

Table 5
Breakdown of the absolute contributions to the uncer-
tainty in µbb

V H inclusive in pV
T . The sum in quadrature of 

the systematic uncertainties attached to the categories 
differs from the total systematic uncertainty due to cor-
relations. The reported values represent the average be-
tween the positive and negative uncertainties on µbb

V H .

Source of uncertainty Avg. impact

Total 0.372
Statistical 0.283
Systematic 0.240

Experimental uncertainties
Small-R jets 0.038
Large-R jets 0.133
Emiss

T 0.007
Leptons 0.010

b-tagging
b-jets 0.016
c-jets 0.011
light-flavour jets 0.008
extrapolation 0.004

Pile-up 0.001
Luminosity 0.013

Theoretical and modelling uncertainties
Signal 0.038
Backgrounds 0.100
!" Z + jets 0.048
!" W + jets 0.058
!" tt̄ 0.035
!" Single top quark 0.027
!" Diboson 0.032
!" Multijet 0.009

MC statistical 0.092

in agreement with the SM prediction and the W ± Z differential 
cross-section measurement performed by ATLAS at high transverse 
momentum of the Z boson (p Z

T > 220 GeV) in the fully leptonic 
channel (W ± Z " "##"+"!) [110]. The simultaneous fit tests the 
performance of the analysis on an irreducible background, the 
known V Z production, with a topology similar to the V H sig-
nal. With all three lepton channels combined, a significance of 5.4 
standard deviations is observed for the V Z process, compared to 
an expectation of 5.7 standard deviations. The correlation with the 
µbb

V H signal strength is approximately 11%. The statistical uncer-
tainties amount to approximately 60% of the total uncertainty. The 
dominant source of systematic uncertainty is the background mod-
elling, which has an impact of approximately 0.16 on the result. 
The source of systematic uncertainty related to the large-R jet re-
construction follows closely, with an impact of approximately 0.09 
on µbb

V Z .
The cross-sections in the STXS framework are measured sepa-

rately for Z H and W H production in two pV
T regions, 250 GeV <

pV
T < 400 GeV and pV

T $ 400 GeV. The analysis closely follows the 
strategy used in Ref. [11]. The expected signal distributions and ac-
ceptance times e!ciencies for each STXS region are estimated from 
the simulated signal samples by selecting events using the gener-
ator’s ‘truth’ information, in particular the ‘truth’ pV

T , denoted by 
pV ,t

T . The likelihood function used is different from the one used 
to extract the µbb

V H and µbb
V Z results presented before. It has mul-

tiple POIs corresponding to the cross-sections in the four regions 
used in the analysis, multiplied by the H " bb̄ and V " leptons 
branching fractions. These four regions, i.e. Z H and W H pro-
duction and the two pV ,t

T bins, are known as reduced stage-1.2 
regions in the STXS framework [111]. The sources of systematic 
uncertainty are identical to those defined in Section 7, except for 
the theoretical cross-section and branching fraction uncertainties, 
which are not included in the likelihood function because they 
affect the signal strength measurements but not the STXS mea-
surements.
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Figure 1. Representative leading-order Feynman diagrams for Higgs boson production via vector-
boson fusion in association with a photon (left) and the dominant non-resonant bb̄!jj background
(right).

boson or from a scattering quark that showers into a jet (j). VBF is the dominant produc-

tion mode for H!, as its cross section is twice as large as that of all other modes combined.

To select the VBF production mode in particular, a search has been developed in

the H!jj final state, with an additional phase-space cut on the jet-jet invariant mass. To

maximize the experimental sensitivity to this final state, the search focuses on the dominant

H ! bb̄ decay. A previous VBF H(! bb̄)! search by the ATLAS Collaboration with

31 fb!1 of 13TeV data reported a signal strength measurement, defined as the production

rate relative to the SM cross section, of µVBF = 2.5±1.9 and an observed (expected) Higgs

boson signal significance of 1.4" (0.6") [6]. A complementary VBF H(! bb̄) search by the

ATLAS Collaboration in an all-hadronic signature, without the associated photon, reported

an observed (expected) Higgs boson signal significance of 1.4" (0.4") in the same dataset [6].

In the time since that search was reported, extensive studies of Higgs production with-

out an associated photon by the ATLAS and CMS Collaborations have now accumulated

strong evidence for the VBF production mode and for the H ! bb̄ decay. The ATLAS Col-

laboration has combined several measurements made with up to 79.8 fb!1 of 13TeV data

to yield µVBF = 1.21± 0.23, compatible with the combined CMS measurement of µVBF =

0.73 ± 0.28 made with up to 35.9 fb!1 [7, 8]. Both the ATLAS and CMS Collaborations

have observed the H ! bb̄ decay mode, with significances of 6.7" and 5.6" respectively, in

decay signatures dominated by contributions from WH and ZH production [9, 10].

Nevertheless, there are several interesting e!ects that motivate testing the SM predic-

tions with a measurement of H!jj production. First, a unique feature of this production

mode is that contributions from Z boson fusion are suppressed, due to destructive inter-

ference between matrix elements for initial- and final-state radiation. This feature allows

a more direct measurement of Higgs boson production through W boson fusion. Second,

the same interference also suppresses the dominant multijet non-resonant bb̄!jj background

shown in figure 1, improving the expected sensitivity to Higgs boson production. Third, the

presence of an isolated high-energy photon can be used to define e"cient trigger algorithms

for this search.

– 2 –
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Figure 6. The combined mbb distribution, after subtracting the fitted non-resonant bb̄!jj back-
ground, summed over the three BDT categories weighted by S/B in each category, where S and B
are the fitted Higgs boson signal yield and Z!jj + bb̄!jj background yield, respectively, calculated
in the mass window containing 68% of the Higgs boson signal. The expected contributions of H!jj
and Z!jj are also shown, scaled by the fitted Higgs boson signal strength and the Z!jj normaliza-
tion factors in the three BDT categories. The statistical uncertainty of the fitted non-resonant bb̄!jj
background is represented by the hatched band. The statistical uncertainty on data is represented
by the error bars on the data points.

The combined mass distribution for the three BDT categories, after the non-resonant

bb̄!jj background contribution has been subtracted, is shown in figure 6. The events in each

BDT category have been weighted by the signal-to-background ratio S/B, as calculated

from the fitted signal and background contributions in the 68% confidence-interval mass

window around the Higgs boson signal peak.

10 Conclusion

A search has been conducted for the SM Higgs boson produced in association with a

high-energy photon in the H(! bb̄)!jj signature, with a focus on the phase space typical

of vector-boson fusion. The search used the full LHC Run 2 dataset of proton-proton

collisions at
"
s = 13TeV, corresponding to an integrated luminosity of 132 fb!1 collected

with the ATLAS detector. A BDT is used to separate events into categories, and the mbb

distribution is fit to extract the Higgs boson signal production rate. The measured Higgs

boson signal strength relative to the SM prediction is µH = 1.3 ± 1.0. This corresponds

to an observed signal significance of 1.3 standard deviations, compared to an expected

significance of 1.0 standard deviations. The improvement over the previous measurement

of µH = 2.3 ± 1.8 comes from the larger dataset, the updated BDT, and more precise

Monte Carlo modelling.

– 15 –
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Lifetime: Shorter than the b-hadrons by around a factor of 2-3, still enough for
measureable decay length (around 1-3mm for a 50 GeV boost)

Mass: Weakly decaying c-hadrons have masses around 2 GeV, around 2–3⇥ lower
than b-hadrons (mean of ⇡ 2 charged particles per decay)

Fragmentation: Softer than b-jets, but still harder than jets initiated by light
species (c-hadrons carry around 55% of jet energy, on average)
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Anatomy of a light flavour (u, d, s) jet Anatomy of a light flavour (u, d , s) jet 14
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Typical Experimental Signature

Light-quarks hadronise into many light hadrons which share the jet energy

Tracks from this vertex often have impact parameters consistent with zero

Long-lived light hadrons (e.g. K
0
S , ⇤

0) can be produced, though they are
more likely to decay very far (many cm) from the primary pp vertex
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Typical Experimental Signature

c-quark fragments into a c-hadron which carries around half of the jet energy

c-hadron decay vertex often displaced from the primary pp vertex by a few
mm

Tracks from this vertex can often have large impact parameters
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Anatomy of a b-jet Anatomy of a b-jet 16
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Typical Experimental Signature

b-quark fragments into a b-hadron which carries most of the jet energy

Most b-hadrons (⇡ 90%) decay into c-hadrons

b-hadron decay vertex often displaced from the primary pp vertex by a few
mm

Subsequent c-hadron decay vertex often displaced by a further few mm

Tracks from both of these vertices often have large impact parameters



• If a b hadron is found the jet is labeled as a b jet. 


• If no b hadron is found, but a c hadron is present, then 
the jet is labeled as a c jet. 


• Otherwise the jet is labeled as a light-flavor jet. 

45
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Charm tagging is not new, many experiments at high energy (
p

s � mBB̄)
colliders (e.g. Spp̄S, Tevatron, SLD, LEP, HERA) have built “charm taggers”
which tend to fall within the following classes:

“Exclusive” charm jet tagging

Focus on the full reconstruction of exclusive c-hadron decay chains (e.g.
D

?±
! D

0(K�⇡+)⇡±) or leptons from semi-leptonic c-hadron decays

X Can often provide a very pure sample of jets containing c-hadrons

7 The e�ciency is typically low O(1%), limited by the c-hadron branching
fractions of interest

“Inclusive” charm jet tagging

An alternative approach is to to exploit more “inclusive” observables, such as track
impact parameters or secondary vertices

X The e�ciency of this approach is typically very high O(10%))

7 The c-jet purity is often lower than these “traditional” approaches

More suited for use with machine learning (ML) techniques

ATLAS have developed an “inclusive” c-tagging algorithm based on several “low
level” taggers combined into a “high level” tagger using ML techniques
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Why is the charm quark Yukawa coupling important?

The smallness of the SM charm (c) quark

coupling (yc =
p

2mc (mH )
v

⇡ 4⇥ 10�3) make
possible modifications from potential new
physics easier to spot

H ! cc̄ decays constitute the largest part of
the SM prediction for �H for which we have
no experimental evidence

We only have experimental evidence for 3rd
generation Yukawa couplings!

Many BSM models predict modifications to
1st and 2nd generation fermion Higgs
couplings alone, with SM-like couplings to 3rd

What are the existing indirect constraints?
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Cartoon of SM 125 GeV H ! qq̄ branching

fractions, H ! uū/dd̄ too small to show!

Constraints on unobserved Higgs decays impose B(H ! cc̄) < 20%, while global
fits indirectly bound �H leading to yc/y

SM

c < 6, assuming SM production and no
BSM decays (arXiv:1310.7029, arXiv:1503.00290)

Direct bound of around �H < 1 GeV from H ! �� and H ! 4` lineshapes impose
around yc/y

SM

c < 120, but this is model independent (arXiv:1503.00290)
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Several methods to study the Hcc̄ coupling at the LHC have been proposed in the
literature, the most promising (in my opinion) are:

Idea 1 - Exclusive H ! J/ � decays

Rare exclusive radiative Higgs boson decays to vector mesons are sensitive to the
Hqq̄ couplings (arXiv:1503.00290)

The H ! J/ � decay has been proposed as a clean probe of the Hcc̄ coupling,
though decay width “only” evolves as (const. + yc)2 (const. � yc)

ATLAS pioneered searches in this channel during Run 1 (arXiv:1501.03276)

Idea 2 - Associated production of a Higgs boson and charm quark

Tree level sensitivity to Hcc̄ coupling (arXiv:1507.02916, arXiv:1606.09253)

Use jet c-tagging to identify charm quark signature and a suitably “clean” Higgs
decay (e.g. H ! ��)

Alternatively, study p
H

T distribution to look for potential shape modifications...

Idea 3 - Inclusive H ! cc̄ decays (The focus of this seminar...)

Inclusive H ! cc̄ decays are directly sensitive to the Hcc̄ coupling, with the decay
width evolving as �H!cc̄ / y

2
c

Use double jet c-tagging and focus on VH (V = W ,Z) production with leptonic
V decays to mitigate the large multi-jet backgrounds
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Idea 1 - H ! J/ � Decays 4
41

The radiative decay H ! J/ � could provide a
clean probe of the Hcc̄ coupling at the LHC

Interference between direct (H ! cc̄) and indirect
(H ! ��⇤) contributions

Direct (upper diagram) amplitude provides sensitivity to
the magnitude and sign of the Hcc̄ coupling

Indirect (lower diagram) amplitude provides dominant
contribution to the width, not sensitive to Hcc̄ coupling

Very rare decays in the SM, but rate dominated by
“indirect” component, sensitivity to Hcc̄ coupling
somewhat diluted

� = |CI�CD ·
yc

ySM
c

|
2
⇥10�7 MeV (CI ⇡ 10,CD ⇡ 1)

B (H ! J/ �) = (2.99 ± 0.16) ⇥ 10�6

H

�

J/ 

H

J/ 

�

More details: Phys. Rev. D 90, 113010 (2014) (arXiv:1407.6695) and JHEP 1508 (2015) 012 (arXiv:1505.03870)
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Recently both ATLAS and CMS updated their
searches for H ! J/ � decays with 36 fb�1 of
p

s = 13 TeV Run 2 data

Both search for H ! J/ � with J/ ! µ+µ�

using a “cut-based” analysis

Sensitive to branching fractions around two
orders of magnitude away from SM prediction

Limits corresponds to |yc/y
SM

c | ⇡ 100 (when
considered relative to H ! �� to remove �H

dependence)

Expt.
95% CL upper limit on B (H ! J/ �)

Expected Observed Obs./BSM

ATLAS† (3.0+1.4
�0.8)⇥ 10�4 3.5⇥ 10�4 117⇥

CMS‡ (5.2+2.4
�1.6)⇥ 10�4 7.6⇥ 10�4 253⇥

† Phys. Lett. B 786 (2018) 134 (arXiv:1807.00802)

‡ Submitted to EPJC (arXiv:1810.10056)

Phys. Lett. B 786 (2018) 134 (arXiv:1807.00802) 
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The production of Higgs boson in association with a charm quark is directly
sensitive to the charm quark Yukawa coupling

" Examples of “direct” (left and centre) and “indirect” (right) cg ! Hc diagrams (from arXiv:1507.02916)

" Expected p-value as a function of

c = yc/y
SM

c
(from arXiv:1507.02916)

t-channel diagram (left) is expected to
dominate the cross-section and is sensitive to
the Hcc̄ coupling, highly sensitive channel!

No experimental measurements yet, though the
sensitivity at the HL-LHC has been surveyed in
the literature (arXiv:1507.02916)

Assuming a data sample of 3 ab�1 at
p
s = 14

TeV, O(1) constraints on yc/y
SM

c are expected
to be obtained...

→𝛄𝛄
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In the case of a modified Higgs coupling to heavy quarks Q = c, b, the shape of the
inclusive p

H

T spectrum would change due to the modified gQ ! HQ contribution

Recently, CMS used their measured p
H

T distribution from H ! �� and H ! 4`
accounting for dependence on yc (and yb)

Considering only shape variation (no assumption on �H , less model dependent)
and profiling yb/y

SM

b , obtain constrain of �18 < yc/y
SM

c < 23 at 68% CL
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Motivation

The branching fraction for H ! cc̄ decays is around
2.9% for a SM Higgs boson with mH = 125 GeV

In comparison to the H ! J/ � decay, this is a huge
rate! Furthermore, it scales directly with y

2
c ...

In
p
s = 13 TeV pp collisions, one expects around 1600

H ! cc̄ decays in every 1 fb�1 of data!

But, how can we hope to separate H ! cc̄ from the
HUGE jet background at the LHC?

H

c

c̄

Strategy

Charm quark initiated jets (c-jet) will typically contain a c-hadron, though most of
the jets produced in LHC pp collisions will not...

If we can exploit the presence of a c-hadron within the jet, we can hope to separate
c-jets from light flavour (u, d , s, g) and b-jets (which also have a unique signature)

Focus on production channels involving leptons or large E
miss
T (e.g. Z(``, ⌫⌫)H

and/or W (`⌫)H), to reduce the jet backgrond
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Search for the Decay of the Higgs Boson to Charm Quarks with the ATLAS Experiment

M. Aaboud et al.*

(ATLAS Collaboration)
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A direct search for the standard model Higgs boson decaying to a pair of charm quarks is presented.
Associated production of the Higgs and Z bosons, in the decay mode ZH ! l!l!cc̄ is studied. A data set
with an integrated luminosity of 36.1 fb!1 of pp collisions at

!!!
s

p
" 13TeV recorded by the ATLAS

experiment at the LHC is used. The H ! cc̄ signature is identified using charm-tagging algorithms. The
observed (expected) upper limit on !#pp ! ZH$ ! B#H ! cc̄$ is 2.7 (3.9!2.1

!1.1 ) pb at the 95% confidence
level for a Higgs boson mass of 125 GeV, while the standard model value is 26 fb.

DOI: 10.1103/PhysRevLett.120.211802

In July 2012, the ATLAS and CMS collaborations
announced the discovery of a new particle with a mass of
approximately 125 GeV [1,2] in searches for the standard
model (SM) Higgs boson at the Large Hadron Collider
(LHC) [3]. Subsequent measurements indicate that this
particle is consistent with the SM Higgs boson [4–10].
Direct evidence for the Yukawa coupling of the Higgs boson
to the top [11] and bottom [12,13] quarks was recently
obtained. Measurements of the Yukawa coupling of the
Higgs boson to quarks in generations other than the third are
difficult at hadron colliders, due to small branching fractions,
large backgrounds, and challenges in jet flavor identification
[14,15]. This Letter presents a direct search by the ATLAS
experiment for the decay of the Higgs boson to a pair of
charm (c) quarks. This search targets the production of the
Higgs boson in association with a Z boson decaying to
charged leptons: Z#l!l!$H#cc̄$, where l " e, ".
The SM branching fraction for a Higgs boson with a

mass of 125 GeV to decay to a pair of charm quarks is
predicted to be 2.9% [16]. The inclusive cross section for
!#pp ! ZH$ ! B#H ! cc̄$ is 26 fb at

!!!
s

p
" 13 TeV [17].

Rare exclusive decays of the Higgs boson to a light vector
meson or quarkonium state and a photon can also probe
the couplings of the second-generation quarks to the Higgs
boson [18–21]. Previously, the ATLAS Collaboration
presented an indirect search for the decay of the Higgs
boson to c quarks via the decay to J=#$, obtaining a
branching fraction limit of 1.5 ! 10!3 at the 95% con-
fidence level (C.L.), which approximately corresponds to a
limit of 540 times the SM branching fraction prediction

[14,20]. Bounds on the Higgs boson branching fractions to
unobserved final states and fits to global rates constrain
B#H ! cc̄$ < 20% at the 95% C.L., assuming SM pro-
duction cross sections [22]. These limits can still accom-
modate large modifications to the Higgs boson coupling to
charm quarks from new physics [22]. In this Letter, a new
approach is introduced to investigate the coupling of the
Higgs boson to charm quarks.
The search is performed using pp collision data recorded

in 2015 and 2016 with the ATLAS detector [23] at!!!
s

p
" 13 TeV. The ATLAS detector at the LHC covers

nearly the entire solid angle around the collision point [24].
It consists of an inner tracking detector surrounded by a
thin superconducting solenoid, electromagnetic and had-
ronic calorimeters, and a muon spectrometer incorporating
three large superconducting toroidal magnets. An addi-
tional pixel layer was installed for the

!!!
s

p
" 13 TeV

running period [25]. After the application of beam, detec-
tor, and data-quality requirements, the integrated luminos-
ity corresponds to 36.1% 0.8 fb!1, measured following
Ref. [26]. Events are required to contain exactly two same-
flavor leptons with an invariant mass consistent with that of
the Z boson, and at least two jets of which one or two are
identified as charm jets (c jets). In this Letter, lepton refers
to only electrons or muons. The analysis procedure is
validated by measuring the yield of ZW and ZZ production,
where the sample is enriched in W ! cs, cd and Z ! cc̄
decays. Further details can be found in Ref. [12].
Monte Carlo (MC) simulated samples were produced for

signal and background processes using the full ATLAS
detector simulation [27] using GEANT4 [28]. Table I pro-
vides details of the event generators used for each signal
and background sample. Signal events were produced at
next-to-leading order (NLO) for the qq̄ ! ZH process and
at leading order (LO) for the gg ! ZH process with
POWHEG-BOX v2 [32]. The dominant Z ! jets background
and the resonant diboson ZW and ZZ processes were
generated using SHERPA 2.2.1 [54]. The tt̄ background was
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A direct search for the standard model Higgs boson decaying to a pair of charm quarks is presented.
Associated production of the Higgs and Z bosons, in the decay mode ZH ! l!l!cc̄ is studied. A data set
with an integrated luminosity of 36.1 fb!1 of pp collisions at
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p
" 13TeV recorded by the ATLAS

experiment at the LHC is used. The H ! cc̄ signature is identified using charm-tagging algorithms. The
observed (expected) upper limit on !#pp ! ZH$ ! B#H ! cc̄$ is 2.7 (3.9!2.1

!1.1 ) pb at the 95% confidence
level for a Higgs boson mass of 125 GeV, while the standard model value is 26 fb.
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In July 2012, the ATLAS and CMS collaborations
announced the discovery of a new particle with a mass of
approximately 125 GeV [1,2] in searches for the standard
model (SM) Higgs boson at the Large Hadron Collider
(LHC) [3]. Subsequent measurements indicate that this
particle is consistent with the SM Higgs boson [4–10].
Direct evidence for the Yukawa coupling of the Higgs boson
to the top [11] and bottom [12,13] quarks was recently
obtained. Measurements of the Yukawa coupling of the
Higgs boson to quarks in generations other than the third are
difficult at hadron colliders, due to small branching fractions,
large backgrounds, and challenges in jet flavor identification
[14,15]. This Letter presents a direct search by the ATLAS
experiment for the decay of the Higgs boson to a pair of
charm (c) quarks. This search targets the production of the
Higgs boson in association with a Z boson decaying to
charged leptons: Z#l!l!$H#cc̄$, where l " e, ".
The SM branching fraction for a Higgs boson with a

mass of 125 GeV to decay to a pair of charm quarks is
predicted to be 2.9% [16]. The inclusive cross section for
!#pp ! ZH$ ! B#H ! cc̄$ is 26 fb at

!!!
s

p
" 13 TeV [17].

Rare exclusive decays of the Higgs boson to a light vector
meson or quarkonium state and a photon can also probe
the couplings of the second-generation quarks to the Higgs
boson [18–21]. Previously, the ATLAS Collaboration
presented an indirect search for the decay of the Higgs
boson to c quarks via the decay to J=#$, obtaining a
branching fraction limit of 1.5 ! 10!3 at the 95% con-
fidence level (C.L.), which approximately corresponds to a
limit of 540 times the SM branching fraction prediction

[14,20]. Bounds on the Higgs boson branching fractions to
unobserved final states and fits to global rates constrain
B#H ! cc̄$ < 20% at the 95% C.L., assuming SM pro-
duction cross sections [22]. These limits can still accom-
modate large modifications to the Higgs boson coupling to
charm quarks from new physics [22]. In this Letter, a new
approach is introduced to investigate the coupling of the
Higgs boson to charm quarks.
The search is performed using pp collision data recorded

in 2015 and 2016 with the ATLAS detector [23] at!!!
s

p
" 13 TeV. The ATLAS detector at the LHC covers

nearly the entire solid angle around the collision point [24].
It consists of an inner tracking detector surrounded by a
thin superconducting solenoid, electromagnetic and had-
ronic calorimeters, and a muon spectrometer incorporating
three large superconducting toroidal magnets. An addi-
tional pixel layer was installed for the

!!!
s

p
" 13 TeV

running period [25]. After the application of beam, detec-
tor, and data-quality requirements, the integrated luminos-
ity corresponds to 36.1% 0.8 fb!1, measured following
Ref. [26]. Events are required to contain exactly two same-
flavor leptons with an invariant mass consistent with that of
the Z boson, and at least two jets of which one or two are
identified as charm jets (c jets). In this Letter, lepton refers
to only electrons or muons. The analysis procedure is
validated by measuring the yield of ZW and ZZ production,
where the sample is enriched in W ! cs, cd and Z ! cc̄
decays. Further details can be found in Ref. [12].
Monte Carlo (MC) simulated samples were produced for

signal and background processes using the full ATLAS
detector simulation [27] using GEANT4 [28]. Table I pro-
vides details of the event generators used for each signal
and background sample. Signal events were produced at
next-to-leading order (NLO) for the qq̄ ! ZH process and
at leading order (LO) for the gg ! ZH process with
POWHEG-BOX v2 [32]. The dominant Z ! jets background
and the resonant diboson ZW and ZZ processes were
generated using SHERPA 2.2.1 [54]. The tt̄ background was
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generated using POWHEG-BOX v2. Backgrounds from
single top and multijet production and the contribution
from Higgs decays other than bb̄ and cc̄ are assessed to be
negligible and not considered further. The Higgs boson
mass is set tomH ! 125 GeV and the top-quark mass is set
to 172.5 GeV.
Events are required to have at least one reconstructed

primary vertex. Electron candidates are reconstructed from
energy clusters in the electromagnetic calorimeter that are
associated with charged-particle tracks reconstructed in the
inner detector [56,57]. Muon candidates are reconstructed
by combining inner detector tracks with muon spectrometer
tracks or energy deposits in the calorimeters consistent with
the passage of minimum-ionizing particles [58]. For data
recorded in 2015, the single-electron (muon) trigger
required a candidate with pT > 24"20# GeV; in 2016 the
lepton pT threshold was raised to 26 GeV. Events are
required to contain a pair of same-flavor leptons, both
satisfying pT > 7 GeV and j!j < 2.5. At least one lepton
must have pT > 27 GeV and correspond to a lepton that
passed the trigger. The two leptons are required to satisfy
loose track-isolation criteria with an efficiency greater
than 99%. They are required to have opposite charge in
dimuon events, but not in dielectron events due to the
non-negligible charge misidentification rate of electrons.
The invariant mass of the dilepton system is required
to be consistent with the mass of the Z boson: 81 GeV <
mll < 101 GeV.
Jets are reconstructed from topological energy clusters in

the calorimeters [59,60] using the anti-kt algorithm [61]
with a radius parameter of 0.4 implemented in the FASTJET
package [62]. The jet energy is corrected using a jet-area-

based technique [63,64] and calibrated [65,66] using
pT- and !-dependent correction factors determined from
simulation, with residual corrections from internal jet
properties. Further corrections from in situ measurements
are applied to data. Selected jets must have pT > 20 GeV
and j!j < 2.5. Events are required to contain at least two
jets. If a muon is found within a jet, its momentum is added
to the selected jet. An overlap removal procedure resolves
cases in which the same physical object is reconstructed
multiple times, e.g. an electron also reconstructed as a jet.

TABLE I. The configurations used for event generation of the signal and background processes. If two parton distribution functions
(PDFs) are shown, the first is for the matrix element calculation and the second for the parton shower, otherwise the same is used for
both. Alternative event generators and configurations, used to estimate systematic uncertainties, are in parentheses. Tune refers to the
underlying-event tuned parameters of the parton shower event generator. MG5_AMC refers to MADGRAPH5_AMC@NLO 2.2.2 [29];
PYTHIA 8 refers to version 8.212 [30]. Heavy-flavor hadron decays modeled by EVTGEN 1.2.0 [31] are used for all samples except those
generated using SHERPA. The order of the calculation of the cross sections used to normalize the predictions is indicated. The qq̄ ! ZH
cross section is estimated by subtracting the gg ! ZH cross section from the pp ! ZH cross section. The asterisk (*) in the last column
denotes that the indicated order is for the pp ! ZH cross section. NNLO denotes next-to-next-to-leading order; NLL denotes next-to-
leading log and NNLL denotes next-to-next-to-leading log.

Process Event Generator Parton Shower PDF Tune Cross section
(alternative) (alternative) (alternative)

qq̄ ! ZH POWHEG-BOX v2 [32] PYTHIA 8 PDF4LHC15NLO [33] AZNLO [34] NNLO (QCD)*
+GOSAM [35] /CTEQ6L1 [36,37] +NLO (EW) [38–44]
+MINLO [45,46] (HERWIG 7 [47]) (A14 [48])

gg ! ZH POWHEG-BOX v2 PYTHIA 8 PDF4LHC15NLO AZNLO NLO+NLL (QCD) [17,49–51]
(HERWIG 7) /CTEQ6L1 (A14)

tt̄ POWHEG-BOX v2 PYTHIA 8 NNPDF3.0NLO [52] A14 NNLO$ NNLL [53]
(HERWIG 7) /NNPDF2.3LO

ZW, ZZ SHERPA 2.2.1 [54] SHERPA NNPDF3.0NNLO SHERPA NLO
(POWHEG-BOX) (PYTHIA 8)

Z $ jets SHERPA 2.2.1 SHERPA NNPDF3.0NNLO SHERPA NNLO [55]
(MG5_AMC) (PYTHIA 8) (NNPDF2.3LO) (A14)
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Jets in simulated events are labeled according to the
presence of a heavy-flavor hadron with pT > 5 GeV within
!R ! 0.3 from the jet axis. If a b hadron is found the jet is
labeled as a b jet. If no b hadron is found, but a c hadron
is present, then the jet is labeled as a c jet. Otherwise the jet
is labeled as a light-flavor jet (l jet).
Flavor-tagging algorithms exploit the different lifetimes

of b, c, and light-flavor hadrons. A c-tagging algorithm is
used to identify c jets. Charm jets are particularly chal-
lenging to tag because c hadrons have shorter lifetimes and
decay to fewer charged particles than b hadrons. Boosted
decision trees are trained to obtain two multivariate
discriminants: to separate c jets from l jets and c jets from
b jets. The same variables used for b tagging [67,68] are
used. Figure 1 shows the selection criteria applied in the
two-dimensional multivariate discriminant space, to obtain
an efficiency of 41% for c jets and rejection factors of 4.0
and 20 for b jets and l jets. The efficiencies are calibrated to
data using b quarks from t ! Wb and c quarks from
W ! cs, cd with methods identical to the b-tagging
algorithms [67]. Statistical uncertainties in the simulation
are reduced, by weighting events according to the tagging
efficiencies of their jets, parametrized as a function of jet

flavor, pT, ! and the angular separation between jets, rather
than imposing a direct requirement on the c-tagging
discriminants.
Data are analyzed in four categories with different

expected signal purities. The dijet invariant mass, mcc̄,
constructed using the two highest-pT jets, is the discrimi-
nating variable in each category. Categories are defined
using the transverse momentum of the reconstructed Z
boson, pZ

T (75 GeV ! pZ
T < 150 GeV and pZ

T " 150 GeV)
and the number of c tags amongst the leading jets (either
one or two). The pZ

T requirements exploit the harder pZ
T

distribution in ZH compared to Z " jets production.
Background events are rejected by requiring the angular
separation between the two jets constituting the dijet
system, !Rcc̄, to be less than 2.2, 1.5, or 1.3 for events
satisfying 75 ! pZ

T < 150 GeV, 150 ! pZ
T < 200 GeV, or

pZ
T " 200 GeV. The signal acceptance ranges from 0.5% to

3.4% depending on the category. A joint binned maximum-
profile-likelihood fit to mcc̄ in the categories is used to
extract the signal yield and the Z " jets background
normalization. The fit uses 15 bins in each category within
the range of 50 GeV < mcc̄ < 200 GeV, with a bin width
of 10 GeV. The parameter of interest, ", common to all
categories, is the signal strength, defined as the ratio of the
measured signal yield to the SM prediction.
Systematic uncertainties affecting the signal and back-

ground predictions include theoretical uncertainties in the
signal and background modeling and experimental uncer-
tainties. Table II shows their relative impact on the fitted
value of ". Uncertainties in the mcc̄ shape of the back-
grounds are assessed by comparisons between nominal and
alternative event generators as indicated in Table I.
Systematic uncertainties are incorporated within the

statistical model through nuisance parameters that modify
the shape and/or normalization of the distributions.
Statistical uncertainties in the simulation samples are
accounted for. The Z " jets background is normalized
from the data through the inclusion of an unconstrained
normalization parameter for each category. The fitted

TABLE II. Breakdown of the relative contributions to the total
uncertainty in ". The statistical uncertainty includes the contri-
bution from the floating Z " jets normalization parameters. The
sum in quadrature of the individual components differs from the
total uncertainty due to correlations between the components.

Source #=#tot

Statistical 49%
Floating Z " jets normalization 31%

Systematic 87%
Flavor tagging 73%
Background modeling 47%
Lepton, jet and luminosity 28%
Signal modeling 28%
MC statistical 6%

TABLE III. Postfit yields for the signal and background processes in each category from the profile likelihood fit. Uncertainties
include statistical and systematic contributions. The prefit SM expected ZH#cc̄$ signal yields are indicated in parenthesis.

Sample Yield, 50 GeV < mcc̄ < 200 GeV

1 c tag 2 c tags

75 ! pZ
T < 150 GeV pZ

T " 150 GeV 75 ! pZ
T < 150 GeV pZ

T " 150 GeV

Z " jets 69400% 500 15650% 180 5320% 100 1280% 40
ZW 750% 130 290% 50 53% 13 20% 5
ZZ 490% 70 180% 28 55% 18 26% 8
tt̄ 2020% 280 130% 50 240% 40 13% 6
ZH#bb̄$ 32% 2 19.5% 1.5 4.1% 0.4 2.7% 0.2
ZH#cc̄$ (SM) #143% 170 #2.4$ #84% 100 #1.4$ #30% 40 #0.7$ #20% 29 #0.5$
Total 72500% 320 16180% 140 5650% 80 1320% 40
Data 72504 16181 5648 1320
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normalization parameters range between 1.13 and 1.30. All
other background normalization factors are correlated
between categories, with acceptance uncertainties of order
10% to account for relative variations between categories.
The dominant contributions to the uncertainty in ! are the

efficiency of the tagging algorithms, the jet energy scale and
resolution, and the background modeling. The largest
uncertainty is due to the normalization of the dominant Z !
jets background. The typical uncertainty in the tagging
efficiency is 25% for c jets, 5% for b jets, and 20% for l jets.
Table III shows the fitted signal and background yields.

The mcc̄ distributions in the 2 c tag categories are shown in
Fig. 2 with the background shapes and normalizations
according to the result of the fit. Good agreement is
observed between the postfit shapes of the distributions
and the data.
The analysis procedure is validated by measuring the

yield of ZV production, where V denotes a W or Z boson,
with the same event selection. The fraction of the ZZ yield
from Z ! cc̄ decays is !55% (20%) in the 2 c tag (1 c tag)
category, while the fraction of the ZW yield from W ! cs,
cd is !65% for both the 2 and 1 c tag categories.
Contributions of Higgs boson decays to cc̄ and bb̄ are
treated as background and constrained to the SM predic-
tions within its theoretical uncertainties. The diboson signal
strength is measured to be !ZV " 0.6!0.5

"0.4 with an observed
(expected) significance of 1.4 (2.2) standard deviations.
The best-fit value for the ZH#cc̄$ signal strength is

!ZH " "69% 101. By assuming a signal with the kin-
ematics of the SM Higgs boson, model-dependent correc-
tions are made to extrapolate to the inclusive phase space.
Hence, an upper limit on "#pp ! ZH$ ! B#H ! cc̄$ is
computed using a modified frequentist CLs method [69,70]

with the profile likelihood ratio as the test statistic. The
observed (expected) upper limit is found to be 2.7 (3.9!2.1

"1.1 )
pb at the 95% C.L. This corresponds to an observed
(expected) upper limit on ! at the 95% C.L. of 110
(150!80

"40 ). The uncertainties in the expected limits corre-
spond to the %1" interval of background-only pseudoex-
periments. With the current sensitivity, the result depends
weakly on the assumption of the SM rate for H ! bb̄. The
observed limit remains within 5% of the nominal value
when the assumed value for normalization of the ZH#bb̄$
background is varied from zero to twice the SM prediction.
A search for the decay of the Higgs boson to charm

quarks has been performed using 36.1 fb"1 of data col-
lected with the ATLAS detector in pp collisions at

!!!
s

p
"

13 TeV at the LHC. No significant excess of ZH#cc̄$
production is observed over the SM background expect-
ation. The observed upper limit on "#pp ! ZH$ ! B#H !
cc̄$ is 2.7 pb at the 95% C.L. The corresponding expected
upper limit is 3.9!2.1

"1.1 pb. This is the most stringent limit to
date in direct searches for the inclusive decay of the Higgs
boson to charm quarks.
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in the likelihood scans shown in Figure 7 and provides an expected constraint of |c/b | < 2.7 at 95%
CL.

4 Conclusions

The expected sensitivities of the measurements of Higgs boson decays to bb̄ and cc̄ in the VH production
mode have been estimated for the ATLAS detector at the HL-LHC. Based on the results obtained using a
dataset of 139 fb�1, the analyses have been extrapolated to an expected pp collision dataset of 3000 fb�1 at
a center-of-mass energy of 14 TeV, taking into account both statistical and systematic uncertainties. For
the measurements of the ZH,H ! bb̄ and WH,H ! bb̄ processes uncertainties of 7% and 8% can be
expected. The uncertainties on cross-section measurements of VH,H ! bb̄ decays in kinematic fiducial
volumes have been estimated to vary between 8%, in regions of high transverse momentum of the vector
boson, and 18% in the low momentum regions. In the search for VH,H ! cc̄ decays a 95% CL upper
limit on the signal strength of 6.4 times the predicted cross-section times branching fraction for the Higgs
can be expected, which can be interpreted in the kappa framework as a constraint on the charm Yukawa
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Extrapolation of ATLAS sensitivity to H ! bb̄ and
H ! c c̄ decays in VH production at the HL-LHC
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The expected sensitivity of the measurements of Higgs boson decays into bb̄ and cc̄ with the
ATLAS detector at the HL-LHC is estimated by extrapolating the results obtained using a
dataset of

p
s = 13 TeV pp collisions corresponding to an integrated luminosity of 139 fb�1.

The associated production of a Higgs boson with either a W or a Z boson, targeting Higgs
boson decays to b- or c-quarks and W or Z boson decays to leptons, is presented. A HL-LHC
scenario in which a dataset of

p
s = 14 TeV pp collisions corresponding to an integrated

luminosity of 3000 fb�1 is assumed. The projection of the existing measurements is performed
accounting for both statistical and systematic uncertainties. For the measurements of the
ZH,H ! bb̄ and WH,H ! bb̄ processes, projected uncertainties are estimated to be 7%
and 8% respectively. Fiducial cross-sections for the VH,H ! bb̄ processes are measured
as a function of the vector boson transverse momentum in kinematic fiducial volumes. The
estimated total uncertainties vary from 7% in the high transverse momentum regions to 18% in
the low transverse momentum regions. For Higgs boson decays to cc̄, produced in association
with a W or a Z boson, an expected upper limit of 6.4 times the predicted cross-section times
branching fraction for the process is estimated, corresponding to an expected constraint on
the charm quark Yukawa coupling modifier |c | < 3.0, at the 95% confidence level. The
combination of the measurements of the VH,H ! bb̄ and VH,H ! cc̄ processes leads to an
expected constraint on the ratio of coupling modifiers |c/b | < 2.7 at 95% confidence level.
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Parameter Unit LHeC HE-LHeC FCC-eh FCC-eh

Ep TeV 7 13.5 20 50p
s TeV 1.30 1.77 2.2 3.46

�CC (P = �0.8) fb 197 372 516 1038
�NC (P = �0.8) fb 24 48 70 149
�CC (P = 0) fb 110 206 289 577
�NC (P = 0) fb 20 41 64 127

HH in CC fb 0.02 0.07 0.13 0.46

Table 7.1: Total cross sections, in fb, for inclusive Higgs production, MH = 125 GeV, in charged and
neutral current deep inelastic e

�
p scattering for an unpolarised (P = 0) and polarised (P = �0.8)

Ee = 60 GeV electron beam and four di↵erent proton beam energies, Ep, for LHeC, HE-LHeC and two
FCC-eh versions. The c.m.s. energy squared in ep is s = 4EeEp. The last row shows the double-Higgs
CC production cross sections in fb. The calculations are at LO QCD using the CTEQ6L1 PDF [583] and
the default scale of MadGraph [375] with dependencies due to scale choices of 5-10 %.

Number of Events

Charged Current Neutral Current

Channel Fraction LHeC FCC-eh LHeC FCC-eh

bb 0.581 114 500 1 208 000 14 000 175 000
W

+
W

� 0.215 42 300 447 000 5 160 64 000
gg 0.082 16 150 171 000 2000 25 000
⌧

+
⌧

� 0.063 12 400 131 000 1 500 20 000
cc 0.029 5700 60 000 700 9 000
ZZ 0.026 5 100 54 000 620 7 900

�� 0.0023 450 5 000 55 700
Z� 0.0015 300 3 100 35 450
µ

+
µ

� 0.0002 40 410 5 70

� [pb] 0.197 1.04 0.024 0.15

Table 7.2: Total event rates, and cross sections, for SM Higgs decays in the charged (ep ! ⌫HX) and
neutral (ep ! eHX) current production in polarised (P = �0.8) electron-proton deep inelastic scattering
at LHeC (

p
s = 1.3 TeV) and FCC-eh (

p
s = 3.5 TeV), for an integrated luminosity of 1 and 2 ab�1,

respectively. The branching fractions are taken from [586]. The estimates are at LO QCD using the
CTEQ6L1 PDF and the default scale of MadGraph, see setup in Tab. 7.1.

as

�
i

CC = �CC · �i

�H

and �
i

NC = �NC · �i

�H

. (7.1)

Here the ratio of the partial to the total Higgs decay width defines the branching ratio, bri,
for each decay into AiĀi. The ep Higgs production cross section and the O(1) ab�1 luminosity
prospects enable to consider the seven most frequent SM Higgs decays, i.e. those into fermions
(bb̄, cc̄, ⌧

+
⌧

�) and into gauge particles (WW, ZZ, gg, ��) with high precision at the LHeC
and its higher energy versions.

In ep one obtains constraints on the Higgs production characteristics from CC and NC scattering,
which probe uniquely either the HWW and the HZZ production, respectively. Event by event
via the selection of the final state lepton which is either an electron (NC DIS) or missing energy
(CC DIS) those production vertices can be uniquely distinguished, in contrast to pp. In e

+
e
�,

at the ILC, one has considered operation at 250 GeV and separately at 500 GeV to optimise
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Figure 7.7: Expected average e�ciency to tag a b-jet (upper plot) and charm-jet (lower plot) versus the
light-jet e�ciency (x-axis) based on Tevatron-style jet tagging [604]. Events are selected at DELPHES
detector level using a CC multi-jet sample and for an integrated luminosity of 100 fb�1. The coloured
lines correspond to the choice of the anti-kt distance parameter R and di↵erent assumptions in the
impact parameter resolution of 10 (5) µm (nominal, no text added in legend), 5 (2.5) µm (Half Vertex
Resolution), 20 (10) µm (Double Vertex Resolution) for tracks with 0.5 < pT < 5 (> 5) GeV within
|⌘| < 3.5.

The resulting number of H ! bb̄(cc̄) signal events versus the BDT score is illustrated in Fig. 7.8,
which shows the evident interplay between detector performance and the choice of jet parameters
R, where the R = 0.9 anti-kt jets show the worst performance. At a score of BDT=0, the highest
number of signal events are achieved for R = 0.5 anti-kt jets for both charm and beauty decays,
where the e↵ect of the impact resolution is much more stringent for the charm than for the beauty
tagging. Following Fig. 7.8, the complete BDT-based H ! bb̄(cc̄) analyses are performed for
anti-kt R = 0.5 jets and impact parameter resolution of 5 (2.5) µm (Half Vertex Resolution) for
tracks with 0.5 < pT < 5 (> 5) GeV within |⌘| < 3.5. The acceptance times e�ciency values are
about 28 % for the H ! bb̄ and about 11 % for the H ! cc̄ channel at BDT=0.

The results of the BDT H ! bb̄ and H ! cc̄ analyses, assuming that each background contri-
bution is understood at the 2 % level via control regions and negligible statistical Monte Carlo
uncertainties for the background predictions for the signal region, are shown in Fig. 7.9. Us-
ing these assumptions, the resulting signal strengths are 0.8 % for the H ! bb̄ and 7.4% for
the H ! cc̄ channel. For the latter, the SM Higgs decays, in particular H ! bb̄, represent
also a part of the cc background contribution but can be controlled by the high precision of
the genuine bb result. Advanced analysis strategies to distinguish bb and cc SM Higgs decays
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DIS Kinematics
Summary of Relevant Kinematic Variables
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Q2 = -q2 = (k-k’)2 = 2EeE’e(1-cosθ’e)
υ = q.p/Mp

υmax = s/(2Mp)
y = (q.p)/(k.p) = υ/υmax

x = Q2/(2q.p)
W2 = (p+q)2 = Mp - Q2 + 2Mpυ

p = (Ep,0,0,Ep)
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CDR-1: h>bb through CC

taken into account.
The dominating source of background at large missing transverse energy is coming from

multi-jet production in CC DIS interactions. In particular, a good rejection of the back-
ground coming from single top production (e�b ! ⌫t), where the top decays hadronically,
puts constraints on the acceptance, the resolution and the b-tagging performance of the de-
tector, as will be seen below. The background due to multijet production in NC interactions
is also considered.

In the case of simulating NC DIS background events, since the cross section is very high
(diverging at Q2

⇠ 0 values), only processes producing two or more b quarks are generated
in order to have su�cient MC statistics after the selection. Using an artificially increased
mistag probability, it could be verified that the remaining NC background is indeed due to
events with two b-quark jets in the final state.

The following selection criteria are applied, based on observable variables reconstructed
by the PGS detector simulation, to distinguish H ! bb̄ from the CC and NC DIS back-
grounds.

• cut (1): Primary cuts

– Exclude electron-tagged events

– ET,miss > 20GeV

– Njet(PT,jet > 20GeV) � 3

– ET,total > 100GeV

– yJB < 0.9, where yJB = ⌃(E � pz)/2Ee, as shown in Fig. 5.27 c)

– Q2
JB > 400GeV, where Q2

JB = E2
T,miss/(1� yJB), as shown in Fig. 5.27 d)

• cut (2): b-tag requirement

– Nb-jet(PT,jet > 20GeV) � 2, where b-jet means a b-tagged jet

• cut (3): Higgs invariant mass cut

– 90 < MH < 120GeV; due to the energy carried by the neutrino from b decays,
the mass peaks are slightly lower than the true Higgs mass

Fig. 5.28 shows the missing energy, ET,miss, and number of b-tagged jets for H ! bb̄ events
together with the CC and NC DIS background. The NC background is strongly suppressed
by the missing ET,miss cut and electron-tag requirement. Requiring at least two b-tagged
jets, the Higgs invariant mass is reconstructed using the b-tagged jets which are most central,
i.e. the ones with the lowest and second lowest pseudorapidity values, ⌘. After cuts (1) to
(3) are applied, about 45% of the remaining CC background is due to single top production
where light-quark jets can be misidentified as b-tagged jets. The single top background is
further reduced by the requirements as follows.

• cut (4): Rejection of single top production Single top events result in a final
state with one b-jet and a W boson decaying into two light-quark jets. The following
cuts are found to be e�cient in suppressing this background.

– Mjjj,top > 250GeV, where the three-jet invariant mass (Mjjj,top) is reconstructed
from three mainly centrally produced jets using two b-tagged jets with the lowest
⌘ and any third jet with the lowest ⌘ (b-tag not required for the third jet)
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Figure 5.28: Missing ET (left) and number of b-tagged jets (right). Solid (black), dashed
(red) and dotted (blue) histograms show H ! bb̄, CC and NC DIS multi-jet background
events, respectively. The right plot is for events passing cut (1), see text.

– Mjj,W > 130GeV, where the di-jet invariant mass (Mjj,W ) is reconstructed from
one b-tagged jet with the lowest ⌘ and any second jet with the lowest ⌘ regardless
of b-tag but excluding the second lowest ⌘ b-jet

• cut (5): Forward jet tagging

– ⌘jet > 2 for the jet with the lowest pseudorapidity (lowest-⌘ jet) but excluding
the two b-tagged jets used to reconstruct the Higgs boson candidate
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Figure 5.29: Invariant mass distributions for (left) three-jet, Mjjj,top, and (right) di-jet,
Mjj,W , candidates. The solid (black), dashed (red) and dotted (blue) histograms show the
H ! bb̄ signal events, and the CC and NC DIS background events, respectively.

Fig. 5.29 shows the reconstructed three-jet (Mjjj,top) and di-jet (Mjj,W ) invariant mass
distributions after cuts (1) and (2) are applied. For the simulated CC multi-jet background,
the former distribution peaks at the top mass and the latter one peaks at the W mass.
The final cut is motivated by the fact that the jet from a light quark participating in the
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CDR-1: h>bb through CC

taken into account.
The dominating source of background at large missing transverse energy is coming from

multi-jet production in CC DIS interactions. In particular, a good rejection of the back-
ground coming from single top production (e�b ! ⌫t), where the top decays hadronically,
puts constraints on the acceptance, the resolution and the b-tagging performance of the de-
tector, as will be seen below. The background due to multijet production in NC interactions
is also considered.

In the case of simulating NC DIS background events, since the cross section is very high
(diverging at Q2

⇠ 0 values), only processes producing two or more b quarks are generated
in order to have su�cient MC statistics after the selection. Using an artificially increased
mistag probability, it could be verified that the remaining NC background is indeed due to
events with two b-quark jets in the final state.

The following selection criteria are applied, based on observable variables reconstructed
by the PGS detector simulation, to distinguish H ! bb̄ from the CC and NC DIS back-
grounds.

• cut (1): Primary cuts

– Exclude electron-tagged events

– ET,miss > 20GeV

– Njet(PT,jet > 20GeV) � 3

– ET,total > 100GeV

– yJB < 0.9, where yJB = ⌃(E � pz)/2Ee, as shown in Fig. 5.27 c)

– Q2
JB > 400GeV, where Q2

JB = E2
T,miss/(1� yJB), as shown in Fig. 5.27 d)

• cut (2): b-tag requirement

– Nb-jet(PT,jet > 20GeV) � 2, where b-jet means a b-tagged jet

• cut (3): Higgs invariant mass cut

– 90 < MH < 120GeV; due to the energy carried by the neutrino from b decays,
the mass peaks are slightly lower than the true Higgs mass

Fig. 5.28 shows the missing energy, ET,miss, and number of b-tagged jets for H ! bb̄ events
together with the CC and NC DIS background. The NC background is strongly suppressed
by the missing ET,miss cut and electron-tag requirement. Requiring at least two b-tagged
jets, the Higgs invariant mass is reconstructed using the b-tagged jets which are most central,
i.e. the ones with the lowest and second lowest pseudorapidity values, ⌘. After cuts (1) to
(3) are applied, about 45% of the remaining CC background is due to single top production
where light-quark jets can be misidentified as b-tagged jets. The single top background is
further reduced by the requirements as follows.

• cut (4): Rejection of single top production Single top events result in a final
state with one b-jet and a W boson decaying into two light-quark jets. The following
cuts are found to be e�cient in suppressing this background.

– Mjjj,top > 250GeV, where the three-jet invariant mass (Mjjj,top) is reconstructed
from three mainly centrally produced jets using two b-tagged jets with the lowest
⌘ and any third jet with the lowest ⌘ (b-tag not required for the third jet)
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Figure 5.27: Generated (a) transverse momentum and (b) pseudorapidity distributions of
a 120 GeV SM Higgs boson using a 150 GeV electron beam and a CC selection, see text.
Indicated are also typical values for detector acceptance in the polar scattering angle. Recon-
structed (c) inelasticity, yJB , and (d) negative four-momentum transfer, Q2

JB distributions
where in both cases the applied selections are shown.

to be |⌘| < 5 with an electromagnetic calorimeter resolution of 5%/
p
E(GeV) (plus 1%

of constant term) and a hadronic calorimeter resolution of 60%/
p

E(GeV). Jets are re-
constructed by a cone algorithm with a cone size of �R = 0.7. The e�ciency of b-flavour
tagging is assumed to be 60% and flat within the tracking coverage, whereas mistagging
probabilities of 10% and 1% for charm-quark jets and for light-quark jets, respectively, are
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taken into account.
The dominating source of background at large missing transverse energy is coming from

multi-jet production in CC DIS interactions. In particular, a good rejection of the back-
ground coming from single top production (e�b ! ⌫t), where the top decays hadronically,
puts constraints on the acceptance, the resolution and the b-tagging performance of the de-
tector, as will be seen below. The background due to multijet production in NC interactions
is also considered.

In the case of simulating NC DIS background events, since the cross section is very high
(diverging at Q2

⇠ 0 values), only processes producing two or more b quarks are generated
in order to have su�cient MC statistics after the selection. Using an artificially increased
mistag probability, it could be verified that the remaining NC background is indeed due to
events with two b-quark jets in the final state.

The following selection criteria are applied, based on observable variables reconstructed
by the PGS detector simulation, to distinguish H ! bb̄ from the CC and NC DIS back-
grounds.

• cut (1): Primary cuts

– Exclude electron-tagged events

– ET,miss > 20GeV

– Njet(PT,jet > 20GeV) � 3

– ET,total > 100GeV

– yJB < 0.9, where yJB = ⌃(E � pz)/2Ee, as shown in Fig. 5.27 c)

– Q2
JB > 400GeV, where Q2

JB = E2
T,miss/(1� yJB), as shown in Fig. 5.27 d)

• cut (2): b-tag requirement

– Nb-jet(PT,jet > 20GeV) � 2, where b-jet means a b-tagged jet

• cut (3): Higgs invariant mass cut

– 90 < MH < 120GeV; due to the energy carried by the neutrino from b decays,
the mass peaks are slightly lower than the true Higgs mass

Fig. 5.28 shows the missing energy, ET,miss, and number of b-tagged jets for H ! bb̄ events
together with the CC and NC DIS background. The NC background is strongly suppressed
by the missing ET,miss cut and electron-tag requirement. Requiring at least two b-tagged
jets, the Higgs invariant mass is reconstructed using the b-tagged jets which are most central,
i.e. the ones with the lowest and second lowest pseudorapidity values, ⌘. After cuts (1) to
(3) are applied, about 45% of the remaining CC background is due to single top production
where light-quark jets can be misidentified as b-tagged jets. The single top background is
further reduced by the requirements as follows.

• cut (4): Rejection of single top production Single top events result in a final
state with one b-jet and a W boson decaying into two light-quark jets. The following
cuts are found to be e�cient in suppressing this background.

– Mjjj,top > 250GeV, where the three-jet invariant mass (Mjjj,top) is reconstructed
from three mainly centrally produced jets using two b-tagged jets with the lowest
⌘ and any third jet with the lowest ⌘ (b-tag not required for the third jet)
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taken into account.
The dominating source of background at large missing transverse energy is coming from

multi-jet production in CC DIS interactions. In particular, a good rejection of the back-
ground coming from single top production (e�b ! ⌫t), where the top decays hadronically,
puts constraints on the acceptance, the resolution and the b-tagging performance of the de-
tector, as will be seen below. The background due to multijet production in NC interactions
is also considered.

In the case of simulating NC DIS background events, since the cross section is very high
(diverging at Q2

⇠ 0 values), only processes producing two or more b quarks are generated
in order to have su�cient MC statistics after the selection. Using an artificially increased
mistag probability, it could be verified that the remaining NC background is indeed due to
events with two b-quark jets in the final state.

The following selection criteria are applied, based on observable variables reconstructed
by the PGS detector simulation, to distinguish H ! bb̄ from the CC and NC DIS back-
grounds.

• cut (1): Primary cuts

– Exclude electron-tagged events

– ET,miss > 20GeV

– Njet(PT,jet > 20GeV) � 3

– ET,total > 100GeV

– yJB < 0.9, where yJB = ⌃(E � pz)/2Ee, as shown in Fig. 5.27 c)

– Q2
JB > 400GeV, where Q2

JB = E2
T,miss/(1� yJB), as shown in Fig. 5.27 d)

• cut (2): b-tag requirement

– Nb-jet(PT,jet > 20GeV) � 2, where b-jet means a b-tagged jet

• cut (3): Higgs invariant mass cut

– 90 < MH < 120GeV; due to the energy carried by the neutrino from b decays,
the mass peaks are slightly lower than the true Higgs mass

Fig. 5.28 shows the missing energy, ET,miss, and number of b-tagged jets for H ! bb̄ events
together with the CC and NC DIS background. The NC background is strongly suppressed
by the missing ET,miss cut and electron-tag requirement. Requiring at least two b-tagged
jets, the Higgs invariant mass is reconstructed using the b-tagged jets which are most central,
i.e. the ones with the lowest and second lowest pseudorapidity values, ⌘. After cuts (1) to
(3) are applied, about 45% of the remaining CC background is due to single top production
where light-quark jets can be misidentified as b-tagged jets. The single top background is
further reduced by the requirements as follows.

• cut (4): Rejection of single top production Single top events result in a final
state with one b-jet and a W boson decaying into two light-quark jets. The following
cuts are found to be e�cient in suppressing this background.

– Mjjj,top > 250GeV, where the three-jet invariant mass (Mjjj,top) is reconstructed
from three mainly centrally produced jets using two b-tagged jets with the lowest
⌘ and any third jet with the lowest ⌘ (b-tag not required for the third jet)
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Figure 5.28: Missing ET (left) and number of b-tagged jets (right). Solid (black), dashed
(red) and dotted (blue) histograms show H ! bb̄, CC and NC DIS multi-jet background
events, respectively. The right plot is for events passing cut (1), see text.

– Mjj,W > 130GeV, where the di-jet invariant mass (Mjj,W ) is reconstructed from
one b-tagged jet with the lowest ⌘ and any second jet with the lowest ⌘ regardless
of b-tag but excluding the second lowest ⌘ b-jet

• cut (5): Forward jet tagging

– ⌘jet > 2 for the jet with the lowest pseudorapidity (lowest-⌘ jet) but excluding
the two b-tagged jets used to reconstruct the Higgs boson candidate
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Figure 5.29: Invariant mass distributions for (left) three-jet, Mjjj,top, and (right) di-jet,
Mjj,W , candidates. The solid (black), dashed (red) and dotted (blue) histograms show the
H ! bb̄ signal events, and the CC and NC DIS background events, respectively.

Fig. 5.29 shows the reconstructed three-jet (Mjjj,top) and di-jet (Mjj,W ) invariant mass
distributions after cuts (1) and (2) are applied. For the simulated CC multi-jet background,
the former distribution peaks at the top mass and the latter one peaks at the W mass.
The final cut is motivated by the fact that the jet from a light quark participating in the
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Figure 5.28: Missing ET (left) and number of b-tagged jets (right). Solid (black), dashed
(red) and dotted (blue) histograms show H ! bb̄, CC and NC DIS multi-jet background
events, respectively. The right plot is for events passing cut (1), see text.

– Mjj,W > 130GeV, where the di-jet invariant mass (Mjj,W ) is reconstructed from
one b-tagged jet with the lowest ⌘ and any second jet with the lowest ⌘ regardless
of b-tag but excluding the second lowest ⌘ b-jet

• cut (5): Forward jet tagging

– ⌘jet > 2 for the jet with the lowest pseudorapidity (lowest-⌘ jet) but excluding
the two b-tagged jets used to reconstruct the Higgs boson candidate
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Figure 5.29: Invariant mass distributions for (left) three-jet, Mjjj,top, and (right) di-jet,
Mjj,W , candidates. The solid (black), dashed (red) and dotted (blue) histograms show the
H ! bb̄ signal events, and the CC and NC DIS background events, respectively.

Fig. 5.29 shows the reconstructed three-jet (Mjjj,top) and di-jet (Mjj,W ) invariant mass
distributions after cuts (1) and (2) are applied. For the simulated CC multi-jet background,
the former distribution peaks at the top mass and the latter one peaks at the W mass.
The final cut is motivated by the fact that the jet from a light quark participating in the

217

 (GeV)T,missE
0 10 20 30 40 50 60 70

/5
G

eV
-1

Ev
en

ts
/1

0f
b

1

10

210

310

410

510

610

710

810
Higgs

CC background

NC bbj background

Number of bjets
0 1 2 3 4 5 6

-1
Ev

en
ts

/1
0f

b

1

10

210

310

410

510
Higgs

CC background

NC bbj background

Figure 5.28: Missing ET (left) and number of b-tagged jets (right). Solid (black), dashed
(red) and dotted (blue) histograms show H ! bb̄, CC and NC DIS multi-jet background
events, respectively. The right plot is for events passing cut (1), see text.

– Mjj,W > 130GeV, where the di-jet invariant mass (Mjj,W ) is reconstructed from
one b-tagged jet with the lowest ⌘ and any second jet with the lowest ⌘ regardless
of b-tag but excluding the second lowest ⌘ b-jet

• cut (5): Forward jet tagging

– ⌘jet > 2 for the jet with the lowest pseudorapidity (lowest-⌘ jet) but excluding
the two b-tagged jets used to reconstruct the Higgs boson candidate
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Figure 5.29: Invariant mass distributions for (left) three-jet, Mjjj,top, and (right) di-jet,
Mjj,W , candidates. The solid (black), dashed (red) and dotted (blue) histograms show the
H ! bb̄ signal events, and the CC and NC DIS background events, respectively.

Fig. 5.29 shows the reconstructed three-jet (Mjjj,top) and di-jet (Mjj,W ) invariant mass
distributions after cuts (1) and (2) are applied. For the simulated CC multi-jet background,
the former distribution peaks at the top mass and the latter one peaks at the W mass.
The final cut is motivated by the fact that the jet from a light quark participating in the
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Figure 5.30: Jet pseudorapidity, ⌘jet, distribution for the lowest-⌘ jet excluding the two
b-tagged jets used for the reconstruction of the Higgs boson candidate. The solid (black),
dashed (red) and dotted (blue) histograms show the H ! bb̄ signal events, and the CC and
NC DIS background events , respectively.
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Figure 5.31: Reconstructed invariant Higgs boson mass after all selection criteria, except for
the invariant mass cut, have been applied. Points with error bars (black) show the H ! bb̄
signal added to the CC (red histogram) and NC (hatched blue histogram) DIS background
for an integrated luminosity of 10 fb�1.

218

 (GeV)T,missE
0 10 20 30 40 50 60 70

/5
G

eV
-1

Ev
en

ts
/1

0f
b

1

10

210

310

410

510

610

710

810
Higgs

CC background

NC bbj background

Number of bjets
0 1 2 3 4 5 6

-1
Ev

en
ts

/1
0f

b

1

10

210

310

410

510
Higgs

CC background

NC bbj background
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– Mjj,W > 130GeV, where the di-jet invariant mass (Mjj,W ) is reconstructed from
one b-tagged jet with the lowest ⌘ and any second jet with the lowest ⌘ regardless
of b-tag but excluding the second lowest ⌘ b-jet

• cut (5): Forward jet tagging

– ⌘jet > 2 for the jet with the lowest pseudorapidity (lowest-⌘ jet) but excluding
the two b-tagged jets used to reconstruct the Higgs boson candidate
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Figure 5.29: Invariant mass distributions for (left) three-jet, Mjjj,top, and (right) di-jet,
Mjj,W , candidates. The solid (black), dashed (red) and dotted (blue) histograms show the
H ! bb̄ signal events, and the CC and NC DIS background events, respectively.

Fig. 5.29 shows the reconstructed three-jet (Mjjj,top) and di-jet (Mjj,W ) invariant mass
distributions after cuts (1) and (2) are applied. For the simulated CC multi-jet background,
the former distribution peaks at the top mass and the latter one peaks at the W mass.
The final cut is motivated by the fact that the jet from a light quark participating in the
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Figure 5.30: Jet pseudorapidity, ⌘jet, distribution for the lowest-⌘ jet excluding the two
b-tagged jets used for the reconstruction of the Higgs boson candidate. The solid (black),
dashed (red) and dotted (blue) histograms show the H ! bb̄ signal events, and the CC and
NC DIS background events , respectively.
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Figure 5.31: Reconstructed invariant Higgs boson mass after all selection criteria, except for
the invariant mass cut, have been applied. Points with error bars (black) show the H ! bb̄
signal added to the CC (red histogram) and NC (hatched blue histogram) DIS background
for an integrated luminosity of 10 fb�1.
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CDR 2020: h>bb

Because of the special importance of determining the frequent bb̄ decay most accurately, and
with it the full set of SM branchings, the prime attention of the LHeC Higgs prospect studies
has been given to those two channels. The first PGS detector-level study was published with
the CDR [1] before the announcement of the discovery of the Higgs boson and assuming MH =
120 GeV. This and subsequent analyses use samples generated by MadGraph5 [375], for both
signal and background events with fragmentation and hadronization via PYTHIA 6.4 [600] in an
ep customised programme version2. Subsequent analyses have been updated to MH = 125 GeV
and to state-of-the art fast detector simulation with DELPHES 3 [602] as testbed for ep detector
configurations. Both cut-based and boosted decision tree (BDT) analyses were performed in
independent evaluations.

As shown in the CDR, the H ! bb̄ decay could be measured via applying classical kinematic
selection requirements as follows:

• CC DIS kinematic cuts of Q
2
h

> 500 GeV2, yh < 0.9, missing energy E
miss
T

> 30 GeV, and
no electrons in the final state to reject NC DIS;

• at least three anti-kt R = 0.7 jets with pT > 20 GeV which are subject to further b-tagging
requirements;

• a Higgs candidate from two b-tagged jets with b-tagging e�ciencies of 60 to 75 %, charm
(light quark) misidentification e�ciencies of 10 to 5% (1%) ;

• rejection of single-top events via requiring a dijet W candidate mass of greater than
130 GeV and a three-jet top candidate mass of larger than 250 GeV using a combina-
tion with one of the b-jets of the Higgs mass candidate;

• a forward scattered jet with ⌘ > 2, and a large ��b,MET > 0.2 between the b-tagged jet
and the missing energy.

The dominant backgrounds are CC DIS multijet and single top production, while CC Z, W and
NC Z contributions are small. The background due to multijets from photoproduction, where
Q

2 ⇠ 0, can be reduced considerably due to the tagging of the small angle scattered electron
with an electron tagger. The result of a cut-based analysis is shown in Fig. 7.5 where clear Z

and H ! bb̄ peaks are seen. Assuming that the photoproduction background is vetoed with a
90 % e�ciency, the resulting signal is shown in Fig. 7.5 corresponding to a SM H ! bb̄ signal
strength �µ/µ of 2 % for an integrated luminosity of 1000 fb�1 and Pe = �0.8. This result is
consistent with earlier analysis and robust w.r.t. the update of the Higgs mass from 120 to
125 GeV confirming the high S/B > 1 (see also Ref. [593] where an alternative approach to
estimate the multijet photoproduction background gives a similar signal strength uncertainty).
The result illustrates that even with harsh kinematic requirements and already a small luminosity
of 100 fb�1, this important decay channel could be measured to an uncertainty of about 6 %.

The stability of the cut-based results has been further shown for di↵erent hadronic calorimeter
resolution setups

�

E
=

ap
E

� b for |⌘| < |⌘min| , (7.2)

�

E
=

cp
E

� d for |⌘min| < |⌘| < 5 , (7.3)

2The hadronic showering is not expected to change the kinematics of the DIS scattered lepton. This has been
shown, see page 11 of Ref. [601], with the very good level of agreement of NC DIS electron kinematics with and
without the ep-customized Pythia showering. Specifically, for 99.8% of events the kinematics in the momentum
vector components and for 98% of the events the energy of the scattered electron remain unchanged.
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The dominant backgrounds are CC DIS multijet and single top 
production. 
The background due to multijets from photoproduction, where Q2 ∼ 0, 
can be reduced considerably due to the tagging of the small angle 
scattered electron with an electron tagger. 
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Figure 7.9: Result of the joint H ! bb̄ and H ! cc̄ analysis for an integrated luminosity of 1 ab�1

and -80% electron polarisation at the LHeC. Left: Invariant mass distributions for the two channels with
signal and background, see text. Right: Expected Higgs signal distributions after background subtraction.
The background is assumed to be at the 2% level via control region measurements.

7.3.2 Higgs Decay into WW

Inclusive charged current scattering, the CC production of the Higgs boson with a WW decay
and the main backgrounds are illustrated in Fig. 7.10. The ep ! ⌫HX ! ⌫W

⇤
WX process

with hadronic W decays, see Fig. 7.10 a, causes a final state which to lowest order comprises
4 + 1 jets and the escaping neutrino identified via missing energy (MET). The pure hadronic
WW Higgs decay has a branching ratio of about 45%. Using MadGraph (MG5) and a version
of PYTHIA, customised for ep DIS, events have been generated and analysed after passing a
DELPHES description of the FCC-eh detector. The present study has been performed for the
most asymmetric beam configuration of Ee = 60 GeV and Ep = 50 TeV yielding

p
s = 3.5 TeV.

The analysis has been focussed on requiring four fully resolved jets from the Higgs decay and at
least one forward jet, where the jets are reconstructed using the anti-kT algorithm with R = 0.7.
Further event categories where the jets from the Higgs decay products may merge and yield
either three or only two large-R jets in the final state have been not considered yet. However,
as shown from state-of-the art LHC-style studies, those event categories and the use of e.g.
dedicated top and W-tagging based on large-R jet substructures may give additional access to
measure Higgs signal strengths.

The analysis requiring fully resolved jets from the H ! W
⇤
W ! 4j decay and at least one

forward jet proceeds in the following steps:

• Study of the reconstructed event configuration and recognition of its characteristics for
defining a set of loose cuts. These are: the pT of any jet has to be larger than 6 GeV, the
rapidity di↵erence between the forward jet and the reconstructed 4-jet Higgs candidate
to be larger than 1.5, the azimuthal di↵erence between that Higgs candidate and either
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better for HHWW?
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HH ! bb!!
• Clean but rare final state


• ATLAS recent release of full Run2 result targeting ggH and VBF production


• Divided in low mass and high mass regions to target different  ranges 


• High mass ( > 350 GeV) region targets SM signals (  = 1)


• Low mass ( < 350 GeV) region sensitive to BSM signals (  = 10)


• Excludes 4.1 (5.5) times the SM and  in [-1.5,6.7] ([-2.4,7.7]) @95%CL


• CMS equivalent analysis with Full Run2


• Excluding 7.7 (5.2) times the SM and  in [-3.3,8.5] ([-2.5,8.2]) @95%CL


• Setting also limits on  coupling between H pair and V pair
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Figure 12: Observed and expected limits at 95% CL on the cross section of non-resonant Higgs boson pair production
as a function of the Higgs boson self-coupling modifier ^_ = _��� /_SM

��� . The constraints on ^_ are obtained over
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all parameters and couplings are set to their SM values except for ^_. The uncertainty band of the theory prediction
curve shows the cross section uncertainty.

110 120 130 140 150 160
 [GeV]γγm

2

4

6

8

10

12

14

Ev
en

ts
 / 

 2
.5

 G
eV Data

Continuum Background

Total Background

 PreliminaryATLAS
-1 = 13 TeV, 139 fbs

γγbb→HH
300 GeV Resonance

(a)

110 120 130 140 150 160
 [GeV]γγm

1

2

3

4

5

6

7

Ev
en

ts
 / 

 2
.5

 G
eV Data

Continuum Background

Total Background

 PreliminaryATLAS
-1 = 13 TeV, 139 fbs

γγbb→HH
500 GeV Resonance

(b)

Figure 13: Data are compared to the background-only fit for the resonant search for the (a) <- = 300 GeV and (b)
<- = 500 GeV mass hypotheses. The continuum background, as well as the background from single Higgs boson
production and from the SM �� production are considered.

22

76

Destructive interference b/w box and triangle
In the SM



ATLAS measurement of 𝛋2V: limited

Pierluigi Bortignon LHCP 2021, 7-11 June 2021

HH production
• Extremely low cross section


• Main production mechanisms are ggHH and VBF HH 


• ggHH sensitive to  


• Self-coupling can also be accessed with single-H production


• VBF has unique sensitivity to   (new from Run2)

!

k2V

Run1 and Run2 2016
PLB 800 (2020) 135103PRL 122 (2019) 121803

 ggHH LO PRODUCTION

VBF HH PRODUCTION

24

• Golden channels are bb , bbbb, and bb 


• Full Run2 HH results are appearing from 
both ATLAS and CMS 


• Updated with Run2 dataset

"" ##
77



ATLAS measurement of 𝛋2V: limited

Pierluigi Bortignon LHCP 2021, 7-11 June 2021

HH production
• Extremely low cross section


• Main production mechanisms are ggHH and VBF HH 


• ggHH sensitive to  


• Self-coupling can also be accessed with single-H production


• VBF has unique sensitivity to   (new from Run2)

!

k2V

Run1 and Run2 2016
PLB 800 (2020) 135103PRL 122 (2019) 121803

 ggHH LO PRODUCTION

VBF HH PRODUCTION

24

• Golden channels are bb , bbbb, and bb 


• Full Run2 HH results are appearing from 
both ATLAS and CMS 


• Updated with Run2 dataset

"" ##

J
H
E
P
0
7
(
2
0
2
0
)
1
0
8

Observed !2! !1! Expected +1! +2!

!VBF [fb] 1460 510 690 950 1330 1780

!VBF/!SM
VBF 840 290 400 550 770 1030

Table 2. Upper limits at 95% CL for SM non-resonant HH production via VBF in fb (first row)
and normalised to its SM expectation, !SM

VBF (second row). Uncertainties related to the branching
ratio of the H " bb̄ decay are not considered.
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Figure 6. Observed and expected 95% CL upper limits on the production cross-section for non-
resonant HH production via VBF as a function of the di-vector-boson-di-Higgs-boson coupling
modifier "2V . The theory prediction of the cross-section as a function of "2V is also shown. More
details on the predicted cross-section can be found in section 3.

Source mX = 300 GeV Source mX = 800 GeV

Multijet normalisation 46% Multijet modelling 44%

Jet energy resolution 26% Jet energy resolution 23%

Multijet modelling 18% Jet energy scale 19%

Multijet kinematic reweighting 17% Multijet kinematic reweighting 9%

tt̄ modelling 11% Multijet normalisation 7%

Jet energy scale 10% tt̄ modelling 6%

Total systematic uncertainty 64% Total systematic uncertainty 57%

Statistical uncertainty 77% Statistical uncertainty 82%

Table 3. Dominant relative uncertainties in the best-fit signal cross-section !best fit
VBF (pp " Xjj "

HHjj) of hypothesised resonant HH signal production. The leading sources of systematic uncer-
tainty, the total systematic uncertainty and the data statistical uncertainty are provided. Two mass
points are selected: mX = 300 GeV with the best-fit cross-section of 140 fb and mX = 800 GeV
with 4.7 fb, which correspond to the low and high mass regions. The groups of uncertainties do not
add up in quadrature to the total uncertainty, because only the dominant uncertainties are shown
and also due to correlations between the uncertainties.
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Studies of nonresonant Higgs pair production at electron-proton colliders

Adil Jueid, Jinheung Kim, Soojin Lee, Jeonghyeon Song
Department of Physics, Konkuk University, Seoul 05029, Republic of Korea

Abstract

The measurement of the Higgs quartic coupling modifier between a Higgs boson pair and a vector boson pair, 2V , is expected to be
achieved from vector-boson fusion (VBF) production of a Higgs boson pair. However, this process involves another unmeasured
parameter, the trilinear Higgs self-coupling modifier �. A sensitivity analysis should target both parameters. Since the LHC
cannot avoid the gluon fusion pollution, which becomes severe for non-SM �, an electron-proton collider is more appropriate
for the comprehensive measurement. In this regard, we study the VBF production of a Higgs boson pair in the bb̄bb̄ final state
at the LHeC and FCC-he. Performing detailed analysis using the simulated dataset, we devise the search strategy specialized at
the LHeC and FCC-he and give a prediction for the sensitivity to both 2V and �. We find that the two electron-proton colliders
have high potential: the LHeC has similar exclusion prospects as the HL-LHC; the FCC-he is extremely e�cient, excluding the
parameter space outside 2V 2 [0.8, 1.2] and � 2 [1, 2.5] at 95% C.L. for the total luminosity of 10 ab�1 and 10% uncertainty on
the background yields.

Keywords: HHVV coupling, trilinear Higgs self-coupling, LHeC, FCC-he

1. Introduction

Albeit the absence of any signatures of the physics beyond
the Standard Model (BSM), the journey to the final theory of
the Universe will never stop. One important task to achieve the
goal is to measure every coupling among the SM particles pre-
cisely, especially to the Higgs boson H. The Higgs coupling
modifiers associated with a single Higgs boson have been ob-
served to be SM-like at the LHC [1, 2]. Their future projections
at the high luminosity LHC (HL-LHC) expect the precisions
at or below the percent level [3]. However, coupling modifiers
involving a pair of Higgs bosons remain unmeasured, such as
� for the trilinear Higgs self-coupling and 2V for the quar-
tic coupling between a Higgs boson pair and a vector boson
pair. The � shall be probed mainly from nonresonant Higgs
boson pair (HH) production via gluon fusion: the triangle di-
agram mediated by the Higgs boson in the s-channel gives ac-
cess to �. It is found that if � , 1, non-trivial changes oc-
cur on both the shape and rate of the main kinematic distribu-
tions [4]. The current observed interval at the 95% confidence
level (C.L.) is �5.0 < � < 12.0 in the ATLAS analysis [5] and
�11.8 < � < 18.8 in the CMS analysis [6]. Several studies of
the prospects for measuring � at the HL-LHC and future col-
liders have been performed [7, 8, 9, 10, 11, 12, 13, 14], which
expect more stringent bounds.

The quartic coupling modifier 2V is much more challenging
to measure at the LHC since the most e�cient process, non-
resonant HH production via vector boson fusion (VBF), has

Email addresses: adil.hep@gmail.com (Adil Jueid),
jinheung.kim1216@gmail.com (Jinheung Kim),
soojinlee957@gmail.com (Soojin Lee), jhsong@konkuk.ac.kr
(Jeonghyeon Song)

very small cross-section of �SM
VBF(pp! HH j j)

���
N3LO = 1.73 fb

at
p

s = 13 TeV [15] in addition to the huge SM backgrounds.
The ATLAS collaboration performed the first search and ex-
cluded 2V < �0.76 and 2V > 2.90 at the 95% C.L. for V = 1
and � = 1 [16]. The assumption of V = 1 is well motivated
by the Higgs precision measurements at the LHC, but � = 1
is questionable. The VBF production of HH, which also de-
pends on � via the H-mediated s-channel diagram, is suscep-
tible to anomalous Higgs self-coupling (� , 1). For exam-
ple, the cross-section for � = 5 at the 14 TeV LHC is about
twenty times that for � = 1. More serious is the pollution
from the gluon fusion production of HH associated with two
jets, gg ! HH j j [17, 18]. This pollution also has the contri-
bution from � and greatly increases for � , 1.1 Considering
huge QCD uncertainties in the gluon fusion pollution [19], we
expect an inevitable limitation to the precision measurement of
2V at the LHC.

Targeting the measurements of � and 2V without the as-
sumption about � and thus the ambiguity of the gluon fusion
pollution, we turn to two electron-proton colliders, the Large
Hadron electron Collider (LHeC) [20, 21, 22] and the Future
Circular Collider (FCC-he) [23]. The development of the en-
ergy recovery linac for the electron beam makes it possible to
simultaneously operate the pp and e

�
p collisions. In particular,

the LHeC has a bright outlook as its working group recently an-
nounced the default configuration and staging based on the cost
estimation [22]. We find the following advantages of electron-
proton colliders in probing rare BSM events:

1The ATLAS collaboration treated the gluon fusion pollution as a back-
ground because they assumed � = 1 and thus knew its rate [16].
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Table 2. Upper limits at 95% CL for SM non-resonant HH production via VBF in fb (first row)
and normalised to its SM expectation, !SM

VBF (second row). Uncertainties related to the branching
ratio of the H " bb̄ decay are not considered.
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Figure 6. Observed and expected 95% CL upper limits on the production cross-section for non-
resonant HH production via VBF as a function of the di-vector-boson-di-Higgs-boson coupling
modifier "2V . The theory prediction of the cross-section as a function of "2V is also shown. More
details on the predicted cross-section can be found in section 3.

Source mX = 300 GeV Source mX = 800 GeV

Multijet normalisation 46% Multijet modelling 44%

Jet energy resolution 26% Jet energy resolution 23%

Multijet modelling 18% Jet energy scale 19%

Multijet kinematic reweighting 17% Multijet kinematic reweighting 9%

tt̄ modelling 11% Multijet normalisation 7%

Jet energy scale 10% tt̄ modelling 6%

Total systematic uncertainty 64% Total systematic uncertainty 57%

Statistical uncertainty 77% Statistical uncertainty 82%

Table 3. Dominant relative uncertainties in the best-fit signal cross-section !best fit
VBF (pp " Xjj "

HHjj) of hypothesised resonant HH signal production. The leading sources of systematic uncer-
tainty, the total systematic uncertainty and the data statistical uncertainty are provided. Two mass
points are selected: mX = 300 GeV with the best-fit cross-section of 140 fb and mX = 800 GeV
with 4.7 fb, which correspond to the low and high mass regions. The groups of uncertainties do not
add up in quadrature to the total uncertainty, because only the dominant uncertainties are shown
and also due to correlations between the uncertainties.
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The measurement of the Higgs quartic coupling modifier between a Higgs boson pair and a vector boson pair, 2V , is expected to be
achieved from vector-boson fusion (VBF) production of a Higgs boson pair. However, this process involves another unmeasured
parameter, the trilinear Higgs self-coupling modifier �. A sensitivity analysis should target both parameters. Since the LHC
cannot avoid the gluon fusion pollution, which becomes severe for non-SM �, an electron-proton collider is more appropriate
for the comprehensive measurement. In this regard, we study the VBF production of a Higgs boson pair in the bb̄bb̄ final state
at the LHeC and FCC-he. Performing detailed analysis using the simulated dataset, we devise the search strategy specialized at
the LHeC and FCC-he and give a prediction for the sensitivity to both 2V and �. We find that the two electron-proton colliders
have high potential: the LHeC has similar exclusion prospects as the HL-LHC; the FCC-he is extremely e�cient, excluding the
parameter space outside 2V 2 [0.8, 1.2] and � 2 [1, 2.5] at 95% C.L. for the total luminosity of 10 ab�1 and 10% uncertainty on
the background yields.
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1. Introduction

Albeit the absence of any signatures of the physics beyond
the Standard Model (BSM), the journey to the final theory of
the Universe will never stop. One important task to achieve the
goal is to measure every coupling among the SM particles pre-
cisely, especially to the Higgs boson H. The Higgs coupling
modifiers associated with a single Higgs boson have been ob-
served to be SM-like at the LHC [1, 2]. Their future projections
at the high luminosity LHC (HL-LHC) expect the precisions
at or below the percent level [3]. However, coupling modifiers
involving a pair of Higgs bosons remain unmeasured, such as
� for the trilinear Higgs self-coupling and 2V for the quar-
tic coupling between a Higgs boson pair and a vector boson
pair. The � shall be probed mainly from nonresonant Higgs
boson pair (HH) production via gluon fusion: the triangle di-
agram mediated by the Higgs boson in the s-channel gives ac-
cess to �. It is found that if � , 1, non-trivial changes oc-
cur on both the shape and rate of the main kinematic distribu-
tions [4]. The current observed interval at the 95% confidence
level (C.L.) is �5.0 < � < 12.0 in the ATLAS analysis [5] and
�11.8 < � < 18.8 in the CMS analysis [6]. Several studies of
the prospects for measuring � at the HL-LHC and future col-
liders have been performed [7, 8, 9, 10, 11, 12, 13, 14], which
expect more stringent bounds.

The quartic coupling modifier 2V is much more challenging
to measure at the LHC since the most e�cient process, non-
resonant HH production via vector boson fusion (VBF), has
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very small cross-section of �SM
VBF(pp! HH j j)

���
N3LO = 1.73 fb

at
p

s = 13 TeV [15] in addition to the huge SM backgrounds.
The ATLAS collaboration performed the first search and ex-
cluded 2V < �0.76 and 2V > 2.90 at the 95% C.L. for V = 1
and � = 1 [16]. The assumption of V = 1 is well motivated
by the Higgs precision measurements at the LHC, but � = 1
is questionable. The VBF production of HH, which also de-
pends on � via the H-mediated s-channel diagram, is suscep-
tible to anomalous Higgs self-coupling (� , 1). For exam-
ple, the cross-section for � = 5 at the 14 TeV LHC is about
twenty times that for � = 1. More serious is the pollution
from the gluon fusion production of HH associated with two
jets, gg ! HH j j [17, 18]. This pollution also has the contri-
bution from � and greatly increases for � , 1.1 Considering
huge QCD uncertainties in the gluon fusion pollution [19], we
expect an inevitable limitation to the precision measurement of
2V at the LHC.

Targeting the measurements of � and 2V without the as-
sumption about � and thus the ambiguity of the gluon fusion
pollution, we turn to two electron-proton colliders, the Large
Hadron electron Collider (LHeC) [20, 21, 22] and the Future
Circular Collider (FCC-he) [23]. The development of the en-
ergy recovery linac for the electron beam makes it possible to
simultaneously operate the pp and e

�
p collisions. In particular,

the LHeC has a bright outlook as its working group recently an-
nounced the default configuration and staging based on the cost
estimation [22]. We find the following advantages of electron-
proton colliders in probing rare BSM events:

1The ATLAS collaboration treated the gluon fusion pollution as a back-
ground because they assumed � = 1 and thus knew its rate [16].
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1. Introduction

Albeit the absence of any signatures of the physics beyond
the Standard Model (BSM), the journey to the final theory of
the Universe will never stop. One important task to achieve the
goal is to measure every coupling among the SM particles pre-
cisely, especially to the Higgs boson H. The Higgs coupling
modifiers associated with a single Higgs boson have been ob-
served to be SM-like at the LHC [1, 2]. Their future projections
at the high luminosity LHC (HL-LHC) expect the precisions
at or below the percent level [3]. However, coupling modifiers
involving a pair of Higgs bosons remain unmeasured, such as
� for the trilinear Higgs self-coupling and 2V for the quar-
tic coupling between a Higgs boson pair and a vector boson
pair. The � shall be probed mainly from nonresonant Higgs
boson pair (HH) production via gluon fusion: the triangle di-
agram mediated by the Higgs boson in the s-channel gives ac-
cess to �. It is found that if � , 1, non-trivial changes oc-
cur on both the shape and rate of the main kinematic distribu-
tions [4]. The current observed interval at the 95% confidence
level (C.L.) is �5.0 < � < 12.0 in the ATLAS analysis [5] and
�11.8 < � < 18.8 in the CMS analysis [6]. Several studies of
the prospects for measuring � at the HL-LHC and future col-
liders have been performed [7, 8, 9, 10, 11, 12, 13, 14], which
expect more stringent bounds.

The quartic coupling modifier 2V is much more challenging
to measure at the LHC since the most e�cient process, non-
resonant HH production via vector boson fusion (VBF), has
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very small cross-section of �SM
VBF(pp! HH j j)

���
N3LO = 1.73 fb

at
p

s = 13 TeV [15] in addition to the huge SM backgrounds.
The ATLAS collaboration performed the first search and ex-
cluded 2V < �0.76 and 2V > 2.90 at the 95% C.L. for V = 1
and � = 1 [16]. The assumption of V = 1 is well motivated
by the Higgs precision measurements at the LHC, but � = 1
is questionable. The VBF production of HH, which also de-
pends on � via the H-mediated s-channel diagram, is suscep-
tible to anomalous Higgs self-coupling (� , 1). For exam-
ple, the cross-section for � = 5 at the 14 TeV LHC is about
twenty times that for � = 1. More serious is the pollution
from the gluon fusion production of HH associated with two
jets, gg ! HH j j [17, 18]. This pollution also has the contri-
bution from � and greatly increases for � , 1.1 Considering
huge QCD uncertainties in the gluon fusion pollution [19], we
expect an inevitable limitation to the precision measurement of
2V at the LHC.

Targeting the measurements of � and 2V without the as-
sumption about � and thus the ambiguity of the gluon fusion
pollution, we turn to two electron-proton colliders, the Large
Hadron electron Collider (LHeC) [20, 21, 22] and the Future
Circular Collider (FCC-he) [23]. The development of the en-
ergy recovery linac for the electron beam makes it possible to
simultaneously operate the pp and e

�
p collisions. In particular,

the LHeC has a bright outlook as its working group recently an-
nounced the default configuration and staging based on the cost
estimation [22]. We find the following advantages of electron-
proton colliders in probing rare BSM events:

1The ATLAS collaboration treated the gluon fusion pollution as a back-
ground because they assumed � = 1 and thus knew its rate [16].
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1. Introduction

Albeit the absence of any signatures of the physics beyond
the Standard Model (BSM), the journey to the final theory of
the Universe will never stop. One important task to achieve the
goal is to measure every coupling among the SM particles pre-
cisely, especially to the Higgs boson H. The Higgs coupling
modifiers associated with a single Higgs boson have been ob-
served to be SM-like at the LHC [1, 2]. Their future projections
at the high luminosity LHC (HL-LHC) expect the precisions
at or below the percent level [3]. However, coupling modifiers
involving a pair of Higgs bosons remain unmeasured, such as
� for the trilinear Higgs self-coupling and 2V for the quar-
tic coupling between a Higgs boson pair and a vector boson
pair. The � shall be probed mainly from nonresonant Higgs
boson pair (HH) production via gluon fusion: the triangle di-
agram mediated by the Higgs boson in the s-channel gives ac-
cess to �. It is found that if � , 1, non-trivial changes oc-
cur on both the shape and rate of the main kinematic distribu-
tions [4]. The current observed interval at the 95% confidence
level (C.L.) is �5.0 < � < 12.0 in the ATLAS analysis [5] and
�11.8 < � < 18.8 in the CMS analysis [6]. Several studies of
the prospects for measuring � at the HL-LHC and future col-
liders have been performed [7, 8, 9, 10, 11, 12, 13, 14], which
expect more stringent bounds.

The quartic coupling modifier 2V is much more challenging
to measure at the LHC since the most e�cient process, non-
resonant HH production via vector boson fusion (VBF), has
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at
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s = 13 TeV [15] in addition to the huge SM backgrounds.
The ATLAS collaboration performed the first search and ex-
cluded 2V < �0.76 and 2V > 2.90 at the 95% C.L. for V = 1
and � = 1 [16]. The assumption of V = 1 is well motivated
by the Higgs precision measurements at the LHC, but � = 1
is questionable. The VBF production of HH, which also de-
pends on � via the H-mediated s-channel diagram, is suscep-
tible to anomalous Higgs self-coupling (� , 1). For exam-
ple, the cross-section for � = 5 at the 14 TeV LHC is about
twenty times that for � = 1. More serious is the pollution
from the gluon fusion production of HH associated with two
jets, gg ! HH j j [17, 18]. This pollution also has the contri-
bution from � and greatly increases for � , 1.1 Considering
huge QCD uncertainties in the gluon fusion pollution [19], we
expect an inevitable limitation to the precision measurement of
2V at the LHC.

Targeting the measurements of � and 2V without the as-
sumption about � and thus the ambiguity of the gluon fusion
pollution, we turn to two electron-proton colliders, the Large
Hadron electron Collider (LHeC) [20, 21, 22] and the Future
Circular Collider (FCC-he) [23]. The development of the en-
ergy recovery linac for the electron beam makes it possible to
simultaneously operate the pp and e

�
p collisions. In particular,

the LHeC has a bright outlook as its working group recently an-
nounced the default configuration and staging based on the cost
estimation [22]. We find the following advantages of electron-
proton colliders in probing rare BSM events:

1The ATLAS collaboration treated the gluon fusion pollution as a back-
ground because they assumed � = 1 and thus knew its rate [16].
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Albeit the absence of any signatures of the physics beyond
the Standard Model (BSM), the journey to the final theory of
the Universe will never stop. One important task to achieve the
goal is to measure every coupling among the SM particles pre-
cisely, especially to the Higgs boson H. The Higgs coupling
modifiers associated with a single Higgs boson have been ob-
served to be SM-like at the LHC [1, 2]. Their future projections
at the high luminosity LHC (HL-LHC) expect the precisions
at or below the percent level [3]. However, coupling modifiers
involving a pair of Higgs bosons remain unmeasured, such as
� for the trilinear Higgs self-coupling and 2V for the quar-
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cess to �. It is found that if � , 1, non-trivial changes oc-
cur on both the shape and rate of the main kinematic distribu-
tions [4]. The current observed interval at the 95% confidence
level (C.L.) is �5.0 < � < 12.0 in the ATLAS analysis [5] and
�11.8 < � < 18.8 in the CMS analysis [6]. Several studies of
the prospects for measuring � at the HL-LHC and future col-
liders have been performed [7, 8, 9, 10, 11, 12, 13, 14], which
expect more stringent bounds.
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resonant HH production via vector boson fusion (VBF), has
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The ATLAS collaboration performed the first search and ex-
cluded 2V < �0.76 and 2V > 2.90 at the 95% C.L. for V = 1
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by the Higgs precision measurements at the LHC, but � = 1
is questionable. The VBF production of HH, which also de-
pends on � via the H-mediated s-channel diagram, is suscep-
tible to anomalous Higgs self-coupling (� , 1). For exam-
ple, the cross-section for � = 5 at the 14 TeV LHC is about
twenty times that for � = 1. More serious is the pollution
from the gluon fusion production of HH associated with two
jets, gg ! HH j j [17, 18]. This pollution also has the contri-
bution from � and greatly increases for � , 1.1 Considering
huge QCD uncertainties in the gluon fusion pollution [19], we
expect an inevitable limitation to the precision measurement of
2V at the LHC.

Targeting the measurements of � and 2V without the as-
sumption about � and thus the ambiguity of the gluon fusion
pollution, we turn to two electron-proton colliders, the Large
Hadron electron Collider (LHeC) [20, 21, 22] and the Future
Circular Collider (FCC-he) [23]. The development of the en-
ergy recovery linac for the electron beam makes it possible to
simultaneously operate the pp and e

�
p collisions. In particular,

the LHeC has a bright outlook as its working group recently an-
nounced the default configuration and staging based on the cost
estimation [22]. We find the following advantages of electron-
proton colliders in probing rare BSM events:

1The ATLAS collaboration treated the gluon fusion pollution as a back-
ground because they assumed � = 1 and thus knew its rate [16].
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Fig. 1. Leading order diagrams contributing to the process p e! " hhj!e with q #
u, c, ̄d, ̄s and q$ # d, s, ̄u, ̄c respectively.

Hadron collider (LHC) (or FCC-pp in general) in terms of (1) initial 
states are asymmetric and hence backward and forward scatter-
ing can be disentangled, (2) it provides a clean environment with 
suppressed backgrounds from strong interaction processes and free 
from issues like pile-ups, multiple interactions etc., (3) such ma-
chines are known for high precision measurements of the dynami-
cal properties of the proton allowing simultaneous test of EW and 
QCD effects. A detailed report on the physics and detector design 
concepts can be found in the Ref. [11].

The choice of an ERL energy of Ee = 60 to 120 GeV, with an 
available proton energy E p = 50 (7) TeV, would provide a centre 
of mass (c.m.s.) energy of 

%
s & 3.5(1.3) to 5.0(1.8) TeV at the 

FCC-he (LHeC) using the FCC-pp (LHC) protons. The FCC-he would 
have su!cient c.m.s. energy to probe the Higgs boson self coupling 
via double Higgs boson production. The inclusive Higgs produc-
tion cross section at the FCC-he is expected to be about five times 
larger than at the proposed 100 km circular e+e! collider (FCC-ee).

This article is organised as follows: We discuss the process 
to produce the di-Higgs events in an e! p collider and the most 
general Lagrangian with all relevant new physics couplings in Sec-
tion 2. In Section 3 all the simulation tools and the kinematic cuts 
that are required to study the sensitivity of the involved couplings 
are given. Here we also discuss the details of the analyses that has 
gone into the study. In Section 4 there is a discussion on the valid-
ity of the effective theory considered here. And finally we conclude 
and draw inferences from the analysis in Section 5.

2. Formalism

In an e! p collider environment a double Higgs event can be 
produced through: (1) the charged current process, p e! " hhj!e , 
and (2) the neutral current process, p e! " hhj e! , if there are 
no new physics processes involved. The SM background will cloud 
each of the processes greatly, and it will be a formidable task to 
separate signal from backgrounds. Here we study the charged cur-
rent process because the signal strength of this is superior to the 
neutral current process. Hence we show in Fig. 1 the Higgs boson 
pair production, at leading order, due to the resonant and non-
resonant contributions in charged current deep inelastic scattering 
(CC DIS) at an e! p collider. As seen in Fig. 1, the di-Higgs pro-
duction involves hhh, hW W and hhW W couplings. Note that the 
hW W coupling will be extensively probed at the LHC, where its 
value conforms to the value predicted by the SM [4,8,10]. Through 
vector boson fusion Higgs production mode at the LHC, a BSM 
analyses to determine the CP and spin quantum numbers of the 
Higgs boson has been studied in Refs. [14–17]. The authors of 
Ref. [18] have shown the sensitivity of new physics contributions 
in hW W couplings at e! p colliders through a study of the az-
imuthal angle correlation for single Higgs boson production in 
p e! " hj!e with an excellent signal-to-background ratio based 
on the h " bb̄ decay channel. Since we do not have any direct 
measurement of the Higgs boson self coupling (hhh) and quar-

tic (hhW W ) coupling, there can be several possible sources of 
new physics in the scalar sector. This article studies for the pro-
posed FCC-he sensitivity of the Higgs boson self coupling around 
its SM value including BSM contributions by considering all pos-
sible Lorentz structures. In order to make it a complete study we 
also retain the possibilities for hW W couplings that appear in the 
di-Higgs production modes.

Following Refs. [18,19] the most general Lagrangian which can 
account for all bosonic couplings relevant for the phenomenology 
of the Higgs boson sector at the FCC-he are the three-point and 
four-point interactions involving at least one Higgs boson field. It 
can be written as:

L(3)
hhh = m2

h

2v
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hhh)h
3 + 1

2v
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hhhh"µh"µh, (2)
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W
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W

W µ!"W †
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#
. (4)

Here g(i)
(··· ), i = 1, 2, and g̃(··· ) are real coe!cients corresponding 

to the CP-even and CP-odd couplings respectively (of the hhh, 
hW W and hhW W anomalous vertices), Wµ! = "µW! ! "! Wµ

and "Wµ! = 1
2 #µ!$% W $% . In Eq. (2) g(1)
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multiplicative constant with respect to &SM as in Eq. (1). Thus 
the Higgs self coupling & appears as g(1)

hhh&SM in the expression 
for V ('). Clearly, in the SM g(1)

hhh = 1 and all other anoma-
lous couplings vanish in Eqs. (2)–(4). The Lorentz structures of 
Eqs. (2)–(4) can be derived from the SU (2)L ' U (1)Y gauge in-
variant dimension-6 operators given in Ref. [19].

The complete Lagrangian we work with is as follows:
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• The pileup, which degrades the quality of the data for
physics analyses, is very small even at the high luminosity
option (⇠ 1034/cm2/s): one expects about 0.1 (1) pileup
collisions per event at the LHeC (FCC-he) while & 150 at
the LHC.

• The QCD backgrounds and the higher-order corrections
are suppressed, providing a clean environment.

• The charged-current (CC) and neutral-current (NC) pro-
cesses can be disentangled by tagging the outgoing neu-
trino (as large missing transverse energy) or electron. In-
dependent measurements of 2W and 2Z are possible.

• The asymmetric initial state allows us to distinguish the
forward and backward directions, which can increase the
signal significance.

• High polarization of the electron beam, Pe, is feasible, as
large as ±80% [22]. The CC production cross-section in-
creases by the factor of (1�Pe), while the NC cross-section
does not change much.

For the configurations of

LHeC: Ee = 50 GeV, Ep = 7 TeV, (1)
FCC-he: Ee = 60 GeV, Ep = 50 TeV,

we shall analyze the sensitivity of the LHeC and FCC-he to 2V

and � via the VBF production of HH through the CC channel.2
Taking full advantage of the characteristics of the electron-
proton collider, we shall propose a search strategy which we
believe is optimal for measuring 2V and �. Finally, we will
present the 95% C.L. exclusion in the (2V , �) space, based on
the detector-level analysis of the signals and the relevant back-
grounds. The remainder of this letter is organized as follows.
In section 2, we discuss the formalism of Higgs boson pair pro-
duction in e

�
p collisions within the -framework along with a

discussion of the modeling of the signal and background pro-
cesses. In section 3, we discuss the analysis strategy and present
our results. We conclude in section 4.

2. Formalism and modeling for the signal and backgrounds

Based on the observed Higgs precision data via single Higgs
production at the LHC, we assume that all the couplings to a
single Higgs boson are the same as in the SM:

Hi j = 1 (2)

where i and j are the SM particles. For renormalizable cou-
plings to a Higgs boson pair, we consider

L � 2V

g
2

4
W
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W
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µ H
2
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3m
2
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v
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3 (3)

2In the literature, the e
�

p collider phenomenologies of anomalous Higgs
couplings associated with a Higgs boson pair were studied in the e↵ective La-
grangian model, via the CC [24] and NC process [25].

where v ' 246 GeV. Note that 2V and � parameterize the
BSM interactions within the context of the non-linear e↵ective
field theory given by the electroweak chiral Lagrangian [26, 27,
28, 29, 30]3.

Aiming at the precision measurement of 2V and � together,
we focus on the pair production of Higgs bosons through the
CC VBF interaction in the bb̄bb̄ final state,

pe
�
! HH + jf⌫e ! bb̄bb̄ + jf⌫e, (4)

where jf is a forward jet. There are three kinds of Feynman
diagrams for this process, the contact one involving HHW

+
W
�

coupling, the s-channel involving HHH coupling, and the t, u-
channels with the square of HW

+
W
� coupling. The scattering

amplitudes of W
+
W
�
! HH help us to understand the char-

acteristics of the signal. As explicitly shown in Ref. [36], the
longitudinally polarized W

+
L

and W
�

L
make an overwhelmingly

dominant contribution. The corresponding amplitude,MLL, in
the limit of

p
s � mH satisfies

1
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where we keep the notation of V to show its e↵ects and ✓⇤ is
the scattering angle in the center-of-mass frame of W

+
W
�. Note

that the e↵ect of � dominates in the small mHH(=
p

s) region
while that of 2V does in the high mHH region.

First, at the parton level, we calculate the total cross-
sections of the signal by varying both 2V and �. The cal-
culations have been performed at leading order (LO) using
MadGraph aMC@NLO with a modified UFO [37] model file for
the Lagrangian in Eq. (3). Based on the current experimen-
tal bounds, we consider �1  2V  3 [16] and �6  � 
12 [5, 6]. The SM cross-section of the process pe

�
! HH jf⌫e

is very small: with the unpolarized electron beam, it is �SM =
5.97 ab at the LHeC and �SM = 233.77 ab at the FCC-he. De-
spite tiny SM signals, it is promising that the total cross-section
rapidly increases when either 2V or � deviates from their SM
values: the two electron-proton colliders can exclude a large
portion of the parameter space (2V , �). To show this behavior,
we present �/�SM in Fig. 1. It is clear to see that the devia-
tion from 2V = 1 greatly increases the cross-section because it
invalidates the cancellation of the longitudinal polarization en-
hancement, the first term of Eq. (??). The hypothesis of � , 1
also increases the signal cross-section, though less than that of
2V , 1. Quantitatively, we have a tenfold increase of �/�SM
if |2V � 1| = |� � 1| = 1. We also note that the same-sign

3Note that concrete BSM scenarios can accommodate large values of � at
the quantum level [31, 32, 33, 34, 35]. However, it is not straightforward to
construct a BSM model that can have a large 2V without significantly a↵ecting
V .
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Basic setup

• The pileup, which degrades the quality of the data for
physics analyses, is very small even at the high luminosity
option (⇠ 1034/cm2/s): one expects about 0.1 (1) pileup
collisions per event at the LHeC (FCC-he) while & 150 at
the LHC.

• The QCD backgrounds and the higher-order corrections
are suppressed, providing a clean environment.

• The charged-current (CC) and neutral-current (NC) pro-
cesses can be disentangled by tagging the outgoing neu-
trino (as large missing transverse energy) or electron. In-
dependent measurements of 2W and 2Z are possible.

• The asymmetric initial state allows us to distinguish the
forward and backward directions, which can increase the
signal significance.

• High polarization of the electron beam, Pe, is feasible, as
large as ±80% [22]. The CC production cross-section in-
creases by the factor of (1�Pe), while the NC cross-section
does not change much.

For the configurations of

LHeC: Ee = 50 GeV, Ep = 7 TeV, (1)
FCC-he: Ee = 60 GeV, Ep = 50 TeV,

we shall analyze the sensitivity of the LHeC and FCC-he to 2V

and � via the VBF production of HH through the CC channel.2
Taking full advantage of the characteristics of the electron-
proton collider, we shall propose a search strategy which we
believe is optimal for measuring 2V and �. Finally, we will
present the 95% C.L. exclusion in the (2V , �) space, based on
the detector-level analysis of the signals and the relevant back-
grounds. The remainder of this letter is organized as follows.
In section 2, we discuss the formalism of Higgs boson pair pro-
duction in e

�
p collisions within the -framework along with a

discussion of the modeling of the signal and background pro-
cesses. In section 3, we discuss the analysis strategy and present
our results. We conclude in section 4.

2. Formalism and modeling for the signal and backgrounds

Based on the observed Higgs precision data via single Higgs
production at the LHC, we assume that all the couplings to a
single Higgs boson are the same as in the SM:

Hi j = 1 (2)

where i and j are the SM particles. For renormalizable cou-
plings to a Higgs boson pair, we consider

L � 2V

g
2

4
W
+µ

W
�

µ H
2
� �

3m
2
H

v
H

3 (3)

2In the literature, the e
�

p collider phenomenologies of anomalous Higgs
couplings associated with a Higgs boson pair were studied in the e↵ective La-
grangian model, via the CC [24] and NC process [25].

where v ' 246 GeV. Note that 2V and � parameterize the
BSM interactions within the context of the non-linear e↵ective
field theory given by the electroweak chiral Lagrangian [26, 27,
28, 29, 30]3.

Aiming at the precision measurement of 2V and � together,
we focus on the pair production of Higgs bosons through the
CC VBF interaction in the bb̄bb̄ final state,

pe
�
! HH + jf⌫e ! bb̄bb̄ + jf⌫e, (4)

where jf is a forward jet. There are three kinds of Feynman
diagrams for this process, the contact one involving HHW

+
W
�

coupling, the s-channel involving HHH coupling, and the t, u-
channels with the square of HW

+
W
� coupling. The scattering

amplitudes of W
+
W
�
! HH help us to understand the char-

acteristics of the signal. As explicitly shown in Ref. [36], the
longitudinally polarized W

+
L

and W
�

L
make an overwhelmingly

dominant contribution. The corresponding amplitude,MLL, in
the limit of
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s � mH satisfies
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where we keep the notation of V to show its e↵ects and ✓⇤ is
the scattering angle in the center-of-mass frame of W

+
W
�. Note

that the e↵ect of � dominates in the small mHH(=
p

s) region
while that of 2V does in the high mHH region.

First, at the parton level, we calculate the total cross-
sections of the signal by varying both 2V and �. The cal-
culations have been performed at leading order (LO) using
MadGraph aMC@NLO with a modified UFO [37] model file for
the Lagrangian in Eq. (3). Based on the current experimen-
tal bounds, we consider �1  2V  3 [16] and �6  � 
12 [5, 6]. The SM cross-section of the process pe

�
! HH jf⌫e

is very small: with the unpolarized electron beam, it is �SM =
5.97 ab at the LHeC and �SM = 233.77 ab at the FCC-he. De-
spite tiny SM signals, it is promising that the total cross-section
rapidly increases when either 2V or � deviates from their SM
values: the two electron-proton colliders can exclude a large
portion of the parameter space (2V , �). To show this behavior,
we present �/�SM in Fig. 1. It is clear to see that the devia-
tion from 2V = 1 greatly increases the cross-section because it
invalidates the cancellation of the longitudinal polarization en-
hancement, the first term of Eq. (5). The hypothesis of � , 1
also increases the signal cross-section, though less than that of
2V , 1. Quantitatively, we have a tenfold increase of �/�SM
if |2V � 1| = |� � 1| = 1. We also note that the same-sign
2V and � yield constructive interference, explaining the neg-
ative slopes of the �/�SM contours: see the first two terms of
Eq. (5). In detail, the LHeC and FCC-he show di↵erent shapes

3Note that concrete BSM scenarios can accommodate large values of � at
the quantum level [31, 32, 33, 34, 35]. However, it is not straightforward to
construct a BSM model that can have a large 2V without significantly a↵ecting
V .

2

Single Higgs couplings are SM-like.

Double and triple Higgs couplings are free.

• The pileup, which degrades the quality of the data for
physics analyses, is very small even at the high luminosity
option (⇠ 1034/cm2/s): one expects about 0.1 (1) pileup
collisions per event at the LHeC (FCC-he) while & 150 at
the LHC.

• The QCD backgrounds and the higher-order corrections
are suppressed, providing a clean environment.

• The charged-current (CC) and neutral-current (NC) pro-
cesses can be disentangled by tagging the outgoing neu-
trino (as large missing transverse energy) or electron. In-
dependent measurements of 2W and 2Z are possible.

• The asymmetric initial state allows us to distinguish the
forward and backward directions, which can increase the
signal significance.

• High polarization of the electron beam, Pe, is feasible, as
large as ±80% [22]. The CC production cross-section in-
creases by the factor of (1�Pe), while the NC cross-section
does not change much.

For the configurations of

LHeC: Ee = 50 GeV, Ep = 7 TeV, (1)
FCC-he: Ee = 60 GeV, Ep = 50 TeV,

we shall analyze the sensitivity of the LHeC and FCC-he to 2V

and � via the VBF production of HH through the CC channel.2
Taking full advantage of the characteristics of the electron-
proton collider, we shall propose a search strategy which we
believe is optimal for measuring 2V and �. Finally, we will
present the 95% C.L. exclusion in the (2V , �) space, based on
the detector-level analysis of the signals and the relevant back-
grounds. The remainder of this letter is organized as follows.
In section 2, we discuss the formalism of Higgs boson pair pro-
duction in e

�
p collisions within the -framework along with a

discussion of the modeling of the signal and background pro-
cesses. In section 3, we discuss the analysis strategy and present
our results. We conclude in section 4.

2. Formalism and modeling for the signal and backgrounds

Based on the observed Higgs precision data via single Higgs
production at the LHC, we assume that all the couplings to a
single Higgs boson are the same as in the SM:

Hi j = 1 (2)

where i and j are the SM particles. For renormalizable cou-
plings to a Higgs boson pair, we consider

L � 2V
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2

4
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2
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2
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v
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3 (3)

2In the literature, the e
�

p collider phenomenologies of anomalous Higgs
couplings associated with a Higgs boson pair were studied in the e↵ective La-
grangian model, via the CC [24] and NC process [25].

where v ' 246 GeV. Note that 2V and � parameterize the
BSM interactions within the context of the non-linear e↵ective
field theory given by the electroweak chiral Lagrangian [26, 27,
28, 29, 30]3.

Aiming at the precision measurement of 2V and � together,
we focus on the pair production of Higgs bosons through the
CC VBF interaction in the bb̄bb̄ final state,

pe
�
! HH + jf⌫e ! bb̄bb̄ + jf⌫e, (4)

where jf is a forward jet. There are three kinds of Feynman
diagrams for this process, the contact one involving HHW

+
W
�

coupling, the s-channel involving HHH coupling, and the t, u-
channels with the square of HW

+
W
� coupling. The scattering

amplitudes of W
+
W
�
! HH help us to understand the char-

acteristics of the signal. As explicitly shown in Ref. [36], the
longitudinally polarized W

+
L

and W
�

L
make an overwhelmingly

dominant contribution. The corresponding amplitude,MLL, in
the limit of

p
s � mH satisfies

1
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where we keep the notation of V to show its e↵ects and ✓⇤ is
the scattering angle in the center-of-mass frame of W

+
W
�. Note

that the e↵ect of � dominates in the small mHH(=
p

s) region
while that of 2V does in the high mHH region.

First, at the parton level, we calculate the total cross-
sections of the signal by varying both 2V and �. The cal-
culations have been performed at leading order (LO) using
MadGraph aMC@NLO with a modified UFO [37] model file for
the Lagrangian in Eq. (3). Based on the current experimen-
tal bounds, we consider �1  2V  3 [16] and �6  � 
12 [5, 6]. The SM cross-section of the process pe

�
! HH jf⌫e

is very small: with the unpolarized electron beam, it is �SM =
5.97 ab at the LHeC and �SM = 233.77 ab at the FCC-he. De-
spite tiny SM signals, it is promising that the total cross-section
rapidly increases when either 2V or � deviates from their SM
values: the two electron-proton colliders can exclude a large
portion of the parameter space (2V , �). To show this behavior,
we present �/�SM in Fig. 1. It is clear to see that the devia-
tion from 2V = 1 greatly increases the cross-section because it
invalidates the cancellation of the longitudinal polarization en-
hancement, the first term of Eq. (5). The hypothesis of � , 1
also increases the signal cross-section, though less than that of
2V , 1. Quantitatively, we have a tenfold increase of �/�SM
if |2V � 1| = |� � 1| = 1. We also note that the same-sign
2V and � yield constructive interference, explaining the neg-
ative slopes of the �/�SM contours: see the first two terms of
Eq. (5). In detail, the LHeC and FCC-he show di↵erent shapes

3Note that concrete BSM scenarios can accommodate large values of � at
the quantum level [31, 32, 33, 34, 35]. However, it is not straightforward to
construct a BSM model that can have a large 2V without significantly a↵ecting
V .
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Conspiracy? Also suppressed in the SM

• The pileup, which degrades the quality of the data for
physics analyses, is very small even at the high luminosity
option (⇠ 1034/cm2/s): one expects about 0.1 (1) pileup
collisions per event at the LHeC (FCC-he) while & 150 at
the LHC.

• The QCD backgrounds and the higher-order corrections
are suppressed, providing a clean environment.

• The charged-current (CC) and neutral-current (NC) pro-
cesses can be disentangled by tagging the outgoing neu-
trino (as large missing transverse energy) or electron. In-
dependent measurements of 2W and 2Z are possible.

• The asymmetric initial state allows us to distinguish the
forward and backward directions, which can increase the
signal significance.

• High polarization of the electron beam, Pe, is feasible, as
large as ±80% [22]. The CC production cross-section in-
creases by the factor of (1�Pe), while the NC cross-section
does not change much.

For the configurations of

LHeC: Ee = 50 GeV, Ep = 7 TeV, (1)
FCC-he: Ee = 60 GeV, Ep = 50 TeV,

we shall analyze the sensitivity of the LHeC and FCC-he to 2V

and � via the VBF production of HH through the CC channel.2
Taking full advantage of the characteristics of the electron-
proton collider, we shall propose a search strategy which we
believe is optimal for measuring 2V and �. Finally, we will
present the 95% C.L. exclusion in the (2V , �) space, based on
the detector-level analysis of the signals and the relevant back-
grounds. The remainder of this letter is organized as follows.
In section 2, we discuss the formalism of Higgs boson pair pro-
duction in e

�
p collisions within the -framework along with a

discussion of the modeling of the signal and background pro-
cesses. In section 3, we discuss the analysis strategy and present
our results. We conclude in section 4.

2. Formalism and modeling for the signal and backgrounds

Based on the observed Higgs precision data via single Higgs
production at the LHC, we assume that all the couplings to a
single Higgs boson are the same as in the SM:

Hi j = 1 (2)

where i and j are the SM particles. For renormalizable cou-
plings to a Higgs boson pair, we consider

L � 2V
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3 (3)

2In the literature, the e
�

p collider phenomenologies of anomalous Higgs
couplings associated with a Higgs boson pair were studied in the e↵ective La-
grangian model, via the CC [24] and NC process [25].

where v ' 246 GeV. Note that 2V and � parameterize the
BSM interactions within the context of the non-linear e↵ective
field theory given by the electroweak chiral Lagrangian [26, 27,
28, 29, 30]3.

Aiming at the precision measurement of 2V and � together,
we focus on the pair production of Higgs bosons through the
CC VBF interaction in the bb̄bb̄ final state,

pe
�
! HH + jf⌫e ! bb̄bb̄ + jf⌫e, (4)

where jf is a forward jet. There are three kinds of Feynman
diagrams for this process, the contact one involving HHW

+
W
�

coupling, the s-channel involving HHH coupling, and the t, u-
channels with the square of HW

+
W
� coupling. The scattering

amplitudes of W
+
W
�
! HH help us to understand the char-

acteristics of the signal. As explicitly shown in Ref. [36], the
longitudinally polarized W

+
L

and W
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L
make an overwhelmingly

dominant contribution. The corresponding amplitude,MLL, in
the limit of
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s � mH satisfies
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where we keep the notation of V to show its e↵ects and ✓⇤ is
the scattering angle in the center-of-mass frame of W

+
W
�. Note

that the e↵ect of � dominates in the small mHH(=
p

s) region
while that of 2V does in the high mHH region.

First, at the parton level, we calculate the total cross-
sections of the signal by varying both 2V and �. The cal-
culations have been performed at leading order (LO) using
MadGraph aMC@NLO with a modified UFO [37] model file for
the Lagrangian in Eq. (3). Based on the current experimen-
tal bounds, we consider �1  2V  3 [16] and �6  � 
12 [5, 6]. The SM cross-section of the process pe

�
! HH jf⌫e

is very small: with the unpolarized electron beam, it is �SM =
5.97 ab at the LHeC and �SM = 233.77 ab at the FCC-he. De-
spite tiny SM signals, it is promising that the total cross-section
rapidly increases when either 2V or � deviates from their SM
values: the two electron-proton colliders can exclude a large
portion of the parameter space (2V , �). To show this behavior,
we present �/�SM in Fig. 1. It is clear to see that the devia-
tion from 2V = 1 greatly increases the cross-section because it
invalidates the cancellation of the longitudinal polarization en-
hancement, the first term of Eq. (??). The hypothesis of � , 1
also increases the signal cross-section, though less than that of
2V , 1. Quantitatively, we have a tenfold increase of �/�SM
if |2V � 1| = |� � 1| = 1. We also note that the same-sign

3Note that concrete BSM scenarios can accommodate large values of � at
the quantum level [31, 32, 33, 34, 35]. However, it is not straightforward to
construct a BSM model that can have a large 2V without significantly a↵ecting
V .
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HH production
• Extremely low cross section


• Main production mechanisms are ggHH and VBF HH 


• ggHH sensitive to  


• Self-coupling can also be accessed with single-H production


• VBF has unique sensitivity to   (new from Run2)
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Signal cross sections at the parton level
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Figure 1: �/�SM(pe
�
! HH j⌫e) projected on the plane of (2V , �) at the

LHeC (upper panel) and FCC-he (lower panel). The SM cross-section (2V =
� = 1) with the unpolarized electron beam is �SM = 5.97 ab at the LHeC and
�SM = 233.77 ab at the FCC-he.

2V and � yield constructive interference, explaining the neg-
ative slopes of the �/�SM contours: see the first two terms of
Eq. (??). In detail, the LHeC and FCC-he show di↵erent shapes
of the contours. As shall be demonstrated, the LHeC is more
sensitive to � than to 2V . The FCC-he has enough sensitivity
to probe both.

For the bb̄bb̄ decay mode, the final state of the signal
comprises at least four b-tagged jets, one light untagged jet,
and large missing transverse energy (Emiss

T
). The main back-

grounds4 are the QCD multi-jets, diboson, tt̄, and single Higgs
processes, all of which are associated with a forward jet jf and
an electron neutrino ⌫e. In Table 1, we show the calculation of
the LO cross-sections for the backgrounds at parton level using
MadGraph aMC@NLO [38] with NNPDF31 lo parton distribution
function (PDF) set [39]. Basic generator-level cuts were im-
posed on the parton-level objects like p

j

T
> 5 GeV, �Rj > 0.4,

4We do not present the NC backgrounds here since they are to be highly
suppressed by appropriate selection criteria.

Process
�CC [ab]

LHeC FCC-he

bb̄ j j + jf⌫e 1.00 ⇥ 105 +57.9%
�33.9% 7.18 ⇥ 105 +51.7%

�31.6%

ZZ + jf⌫e 9.37 ⇥ 102 +6.95%
�5.45% 2.24 ⇥ 104 +3.65%

�3.26%

Zbb̄ + jf⌫e 5.38 ⇥ 102 +27.5%
�19.9% 4.77 ⇥ 103 +22.6%

�17.1%

ZH + jf⌫e 1.23 ⇥ 102 +7.29%
�6.27% 3.45 ⇥ 103 +3.99%

�3.58%

bb̄bb̄ + jf⌫e 1.82 ⇥ 102 +53.8%
�32.4% 7.11 ⇥ 102 +50.9%

�31.4%

Hbb̄ + jf⌫e 4.53 ⇥ 10 +28.4%
�20.4% 4.77 ⇥ 102 +23.7%

�17.8%

tt̄ + jf⌫e 2.00 ⇥ 10 +29.6%
�21.2% 7.49 ⇥ 102 +22.9%

�17.4%

Table 1: Parton level cross-sections in attobarn (ab) for the charged-current
background processes at the LHeC with Ee = 50 GeV and Ep = 7 TeV and
at the FCC-he with Ee = 60 GeV and Ep = 50 TeV. The electron beam is
unpolarized. We have not included the decays of Z, H, and the top quark. The
uncertainties correspond to scale variations around the nominal scale defined
in Eq. (5). PDF uncertainties are at the percent level and hence are not shown
here. SysCalc [40] was used to compute these uncertainties.

and |⌘ j| < 10. The renormalization and factorization scales are
set to be

µR,0 = µF,0 ⌘
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2
T,i + m
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. (5)

The total cross-section of all the CC backgrounds is about
100 fb (751 fb) at the LHeC (FCC-he). The most dominant is
the QCD production of bb̄ j j,5 where j refers to a light quark
(including a charm quark) or a gluon. The second dominant
backgrounds are from the production of a Z boson associated
with another Z boson, the QCD bb̄, or a Higgs boson. The
QCD production of four b quarks follows, and the production
of a Higgs boson in association with bb̄ is less critical. Finally,
the contribution of a top quark pair production is smaller than
the QCD 4b at the LHeC, but similar at the FCC-he. Impor-
tant theoretical uncertainties arose from the scale variations, as
shown in Table 1. PDF uncertainties are of order 1-2% for all
the backgrounds.

We close this section by summarizing the Monte Carlo event
generation procedure. Initially, events for the signal and back-
grounds are generated at LO using MadGraph aMC@NLO version
2.6.7. Parton luminosities were modeled with the NNPDF31 lo
PDF set with ↵s(m2

Z
) = 0.118. Setting the direction of the pro-

ton beam as forward, we convolute the partonic cross-sections
with the PDFs in the LHAPDF6 library [41]. The decays of H,
Z, and the top quark are modeled with MadSpin [42]. We
confirmed that various kinematic distributions from on-shell
samples using MadSpin well agree with those from the o↵-
shell samples. For the parton-showering and hadronization,
we rely on Pythia6 [43] since Pythia8 does not support
the LHE input in electron-proton collisions yet. To correctly

5In what follows, we address each background process as the one without
specifying jf⌫e, for simplicity.
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! HH j⌫e) projected on the plane of (2V , �) at the

LHeC (upper panel) and FCC-he (lower panel). The SM cross-section (2V =
� = 1) with the unpolarized electron beam is �SM = 5.97 ab at the LHeC and
�SM = 233.77 ab at the FCC-he.

2V and � yield constructive interference, explaining the neg-
ative slopes of the �/�SM contours: see the first two terms of
Eq. (??). In detail, the LHeC and FCC-he show di↵erent shapes
of the contours. As shall be demonstrated, the LHeC is more
sensitive to � than to 2V . The FCC-he has enough sensitivity
to probe both.

For the bb̄bb̄ decay mode, the final state of the signal
comprises at least four b-tagged jets, one light untagged jet,
and large missing transverse energy (Emiss

T
). The main back-

grounds4 are the QCD multi-jets, diboson, tt̄, and single Higgs
processes, all of which are associated with a forward jet jf and
an electron neutrino ⌫e. In Table 1, we show the calculation of
the LO cross-sections for the backgrounds at parton level using
MadGraph aMC@NLO [38] with NNPDF31 lo parton distribution
function (PDF) set [39]. Basic generator-level cuts were im-
posed on the parton-level objects like p

j

T
> 5 GeV, �Rj > 0.4,

4We do not present the NC backgrounds here since they are to be highly
suppressed by appropriate selection criteria.

Process
�CC [ab]

LHeC FCC-he

bb̄ j j + jf⌫e 1.00 ⇥ 105 +57.9%
�33.9% 7.18 ⇥ 105 +51.7%

�31.6%

ZZ + jf⌫e 9.37 ⇥ 102 +6.95%
�5.45% 2.24 ⇥ 104 +3.65%

�3.26%

Zbb̄ + jf⌫e 5.38 ⇥ 102 +27.5%
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bb̄bb̄ + jf⌫e 1.82 ⇥ 102 +53.8%
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�31.4%

Hbb̄ + jf⌫e 4.53 ⇥ 10 +28.4%
�20.4% 4.77 ⇥ 102 +23.7%

�17.8%

tt̄ + jf⌫e 2.00 ⇥ 10 +29.6%
�21.2% 7.49 ⇥ 102 +22.9%

�17.4%

Table 1: Parton level cross-sections in attobarn (ab) for the charged-current
background processes at the LHeC with Ee = 50 GeV and Ep = 7 TeV and
at the FCC-he with Ee = 60 GeV and Ep = 50 TeV. The electron beam is
unpolarized. We have not included the decays of Z, H, and the top quark. The
uncertainties correspond to scale variations around the nominal scale defined
in Eq. (5). PDF uncertainties are at the percent level and hence are not shown
here. SysCalc [40] was used to compute these uncertainties.
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The total cross-section of all the CC backgrounds is about
100 fb (751 fb) at the LHeC (FCC-he). The most dominant is
the QCD production of bb̄ j j,5 where j refers to a light quark
(including a charm quark) or a gluon. The second dominant
backgrounds are from the production of a Z boson associated
with another Z boson, the QCD bb̄, or a Higgs boson. The
QCD production of four b quarks follows, and the production
of a Higgs boson in association with bb̄ is less critical. Finally,
the contribution of a top quark pair production is smaller than
the QCD 4b at the LHeC, but similar at the FCC-he. Impor-
tant theoretical uncertainties arose from the scale variations, as
shown in Table 1. PDF uncertainties are of order 1-2% for all
the backgrounds.

We close this section by summarizing the Monte Carlo event
generation procedure. Initially, events for the signal and back-
grounds are generated at LO using MadGraph aMC@NLO version
2.6.7. Parton luminosities were modeled with the NNPDF31 lo
PDF set with ↵s(m2

Z
) = 0.118. Setting the direction of the pro-

ton beam as forward, we convolute the partonic cross-sections
with the PDFs in the LHAPDF6 library [41]. The decays of H,
Z, and the top quark are modeled with MadSpin [42]. We
confirmed that various kinematic distributions from on-shell
samples using MadSpin well agree with those from the o↵-
shell samples. For the parton-showering and hadronization,
we rely on Pythia6 [43] since Pythia8 does not support
the LHE input in electron-proton collisions yet. To correctly

5In what follows, we address each background process as the one without
specifying jf⌫e, for simplicity.
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Figure 1: �/�SM(pe
�
! HH j⌫e) projected on the plane of (2V , �) at the

LHeC (upper panel) and FCC-he (lower panel). The SM cross-section (2V =
� = 1) with the unpolarized electron beam is �SM = 5.97 ab at the LHeC and
�SM = 233.77 ab at the FCC-he.

2V and � yield constructive interference, explaining the neg-
ative slopes of the �/�SM contours: see the first two terms of
Eq. (??). In detail, the LHeC and FCC-he show di↵erent shapes
of the contours. As shall be demonstrated, the LHeC is more
sensitive to � than to 2V . The FCC-he has enough sensitivity
to probe both.

For the bb̄bb̄ decay mode, the final state of the signal
comprises at least four b-tagged jets, one light untagged jet,
and large missing transverse energy (Emiss

T
). The main back-

grounds4 are the QCD multi-jets, diboson, tt̄, and single Higgs
processes, all of which are associated with a forward jet jf and
an electron neutrino ⌫e. In Table 1, we show the calculation of
the LO cross-sections for the backgrounds at parton level using
MadGraph aMC@NLO [38] with NNPDF31 lo parton distribution
function (PDF) set [39]. Basic generator-level cuts were im-
posed on the parton-level objects like p

j

T
> 5 GeV, �Rj > 0.4,

4We do not present the NC backgrounds here since they are to be highly
suppressed by appropriate selection criteria.

Process
�CC [ab]

LHeC FCC-he

bb̄ j j + jf⌫e 1.00 ⇥ 105 +57.9%
�33.9% 7.18 ⇥ 105 +51.7%

�31.6%

ZZ + jf⌫e 9.37 ⇥ 102 +6.95%
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Table 1: Parton level cross-sections in attobarn (ab) for the charged-current
background processes at the LHeC with Ee = 50 GeV and Ep = 7 TeV and
at the FCC-he with Ee = 60 GeV and Ep = 50 TeV. The electron beam is
unpolarized. We have not included the decays of Z, H, and the top quark. The
uncertainties correspond to scale variations around the nominal scale defined
in Eq. (5). PDF uncertainties are at the percent level and hence are not shown
here. SysCalc [40] was used to compute these uncertainties.
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The total cross-section of all the CC backgrounds is about
100 fb (751 fb) at the LHeC (FCC-he). The most dominant is
the QCD production of bb̄ j j,5 where j refers to a light quark
(including a charm quark) or a gluon. The second dominant
backgrounds are from the production of a Z boson associated
with another Z boson, the QCD bb̄, or a Higgs boson. The
QCD production of four b quarks follows, and the production
of a Higgs boson in association with bb̄ is less critical. Finally,
the contribution of a top quark pair production is smaller than
the QCD 4b at the LHeC, but similar at the FCC-he. Impor-
tant theoretical uncertainties arose from the scale variations, as
shown in Table 1. PDF uncertainties are of order 1-2% for all
the backgrounds.

We close this section by summarizing the Monte Carlo event
generation procedure. Initially, events for the signal and back-
grounds are generated at LO using MadGraph aMC@NLO version
2.6.7. Parton luminosities were modeled with the NNPDF31 lo
PDF set with ↵s(m2

Z
) = 0.118. Setting the direction of the pro-

ton beam as forward, we convolute the partonic cross-sections
with the PDFs in the LHAPDF6 library [41]. The decays of H,
Z, and the top quark are modeled with MadSpin [42]. We
confirmed that various kinematic distributions from on-shell
samples using MadSpin well agree with those from the o↵-
shell samples. For the parton-showering and hadronization,
we rely on Pythia6 [43] since Pythia8 does not support
the LHE input in electron-proton collisions yet. To correctly

5In what follows, we address each background process as the one without
specifying jf⌫e, for simplicity.
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• Same-sign 𝜅𝜆 and 𝜅2V enhance the cross section.

• The pileup, which degrades the quality of the data for
physics analyses, is very small even at the high luminosity
option (⇠ 1034/cm2/s): one expects about 0.1 (1) pileup
collisions per event at the LHeC (FCC-he) while & 150 at
the LHC.

• The QCD backgrounds and the higher-order corrections
are suppressed, providing a clean environment.

• The charged-current (CC) and neutral-current (NC) pro-
cesses can be disentangled by tagging the outgoing neu-
trino (as large missing transverse energy) or electron. In-
dependent measurements of 2W and 2Z are possible.

• The asymmetric initial state allows us to distinguish the
forward and backward directions, which can increase the
signal significance.

• High polarization of the electron beam, Pe, is feasible, as
large as ±80% [22]. The CC production cross-section in-
creases by the factor of (1�Pe), while the NC cross-section
does not change much.

For the configurations of

LHeC: Ee = 50 GeV, Ep = 7 TeV, (1)
FCC-he: Ee = 60 GeV, Ep = 50 TeV,

we shall analyze the sensitivity of the LHeC and FCC-he to 2V

and � via the VBF production of HH through the CC channel.2
Taking full advantage of the characteristics of the electron-
proton collider, we shall propose a search strategy which we
believe is optimal for measuring 2V and �. Finally, we will
present the 95% C.L. exclusion in the (2V , �) space, based on
the detector-level analysis of the signals and the relevant back-
grounds. The remainder of this letter is organized as follows.
In section 2, we discuss the formalism of Higgs boson pair pro-
duction in e

�
p collisions within the -framework along with a

discussion of the modeling of the signal and background pro-
cesses. In section 3, we discuss the analysis strategy and present
our results. We conclude in section 4.

2. Formalism and modeling for the signal and backgrounds

Based on the observed Higgs precision data via single Higgs
production at the LHC, we assume that all the couplings to a
single Higgs boson are the same as in the SM:

Hi j = 1 (2)

where i and j are the SM particles. For renormalizable cou-
plings to a Higgs boson pair, we consider

L � 2V

g
2

4
W
+µ

W
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2
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3m
2
H

v
H

3 (3)

2In the literature, the e
�

p collider phenomenologies of anomalous Higgs
couplings associated with a Higgs boson pair were studied in the e↵ective La-
grangian model, via the CC [24] and NC process [25].

where v ' 246 GeV. Note that 2V and � parameterize the
BSM interactions within the context of the non-linear e↵ective
field theory given by the electroweak chiral Lagrangian [26, 27,
28, 29, 30]3.

Aiming at the precision measurement of 2V and � together,
we focus on the pair production of Higgs bosons through the
CC VBF interaction in the bb̄bb̄ final state,

pe
�
! HH + jf⌫e ! bb̄bb̄ + jf⌫e, (4)

where jf is a forward jet. There are three kinds of Feynman
diagrams for this process, the contact one involving HHW

+
W
�

coupling, the s-channel involving HHH coupling, and the t, u-
channels with the square of HW

+
W
� coupling. The scattering

amplitudes of W
+
W
�
! HH help us to understand the char-

acteristics of the signal. As explicitly shown in Ref. [36], the
longitudinally polarized W

+
L

and W
�

L
make an overwhelmingly

dominant contribution. The corresponding amplitude,MLL, in
the limit of
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where we keep the notation of V to show its e↵ects and ✓⇤ is
the scattering angle in the center-of-mass frame of W

+
W
�. Note

that the e↵ect of � dominates in the small mHH(=
p

s) region
while that of 2V does in the high mHH region.

First, at the parton level, we calculate the total cross-
sections of the signal by varying both 2V and �. The cal-
culations have been performed at leading order (LO) using
MadGraph aMC@NLO with a modified UFO [37] model file for
the Lagrangian in Eq. (3). Based on the current experimen-
tal bounds, we consider �1  2V  3 [16] and �6  � 
12 [5, 6]. The SM cross-section of the process pe

�
! HH jf⌫e

is very small: with the unpolarized electron beam, it is �SM =
5.97 ab at the LHeC and �SM = 233.77 ab at the FCC-he. De-
spite tiny SM signals, it is promising that the total cross-section
rapidly increases when either 2V or � deviates from their SM
values: the two electron-proton colliders can exclude a large
portion of the parameter space (2V , �). To show this behavior,
we present �/�SM in Fig. 1. It is clear to see that the devia-
tion from 2V = 1 greatly increases the cross-section because it
invalidates the cancellation of the longitudinal polarization en-
hancement, the first term of Eq. (??). The hypothesis of � , 1
also increases the signal cross-section, though less than that of
2V , 1. Quantitatively, we have a tenfold increase of �/�SM
if |2V � 1| = |� � 1| = 1. We also note that the same-sign

3Note that concrete BSM scenarios can accommodate large values of � at
the quantum level [31, 32, 33, 34, 35]. However, it is not straightforward to
construct a BSM model that can have a large 2V without significantly a↵ecting
V .
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s) region
while that of 2V does in the high mHH region.
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sections of the signal by varying both 2V and �. The cal-
culations have been performed at leading order (LO) using
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tal bounds, we consider �1  2V  3 [16] and �6  � 
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rapidly increases when either 2V or � deviates from their SM
values: the two electron-proton colliders can exclude a large
portion of the parameter space (2V , �). To show this behavior,
we present �/�SM in Fig. 1. It is clear to see that the devia-
tion from 2V = 1 greatly increases the cross-section because it
invalidates the cancellation of the longitudinal polarization en-
hancement, the first term of Eq. (??). The hypothesis of � , 1
also increases the signal cross-section, though less than that of
2V , 1. Quantitatively, we have a tenfold increase of �/�SM
if |2V � 1| = |� � 1| = 1. We also note that the same-sign

3Note that concrete BSM scenarios can accommodate large values of � at
the quantum level [31, 32, 33, 34, 35]. However, it is not straightforward to
construct a BSM model that can have a large 2V without significantly a↵ecting
V .
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Signal cross sections at the parton level
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Figure 1: �/�SM(pe
�
! HH j⌫e) projected on the plane of (2V , �) at the

LHeC (upper panel) and FCC-he (lower panel). The SM cross-section (2V =
� = 1) with the unpolarized electron beam is �SM = 5.97 ab at the LHeC and
�SM = 233.77 ab at the FCC-he.

2V and � yield constructive interference, explaining the neg-
ative slopes of the �/�SM contours: see the first two terms of
Eq. (??). In detail, the LHeC and FCC-he show di↵erent shapes
of the contours. As shall be demonstrated, the LHeC is more
sensitive to � than to 2V . The FCC-he has enough sensitivity
to probe both.

For the bb̄bb̄ decay mode, the final state of the signal
comprises at least four b-tagged jets, one light untagged jet,
and large missing transverse energy (Emiss

T
). The main back-

grounds4 are the QCD multi-jets, diboson, tt̄, and single Higgs
processes, all of which are associated with a forward jet jf and
an electron neutrino ⌫e. In Table 1, we show the calculation of
the LO cross-sections for the backgrounds at parton level using
MadGraph aMC@NLO [38] with NNPDF31 lo parton distribution
function (PDF) set [39]. Basic generator-level cuts were im-
posed on the parton-level objects like p

j

T
> 5 GeV, �Rj > 0.4,

4We do not present the NC backgrounds here since they are to be highly
suppressed by appropriate selection criteria.

Process
�CC [ab]

LHeC FCC-he

bb̄ j j + jf⌫e 1.00 ⇥ 105 +57.9%
�33.9% 7.18 ⇥ 105 +51.7%

�31.6%

ZZ + jf⌫e 9.37 ⇥ 102 +6.95%
�5.45% 2.24 ⇥ 104 +3.65%

�3.26%

Zbb̄ + jf⌫e 5.38 ⇥ 102 +27.5%
�19.9% 4.77 ⇥ 103 +22.6%

�17.1%

ZH + jf⌫e 1.23 ⇥ 102 +7.29%
�6.27% 3.45 ⇥ 103 +3.99%

�3.58%

bb̄bb̄ + jf⌫e 1.82 ⇥ 102 +53.8%
�32.4% 7.11 ⇥ 102 +50.9%

�31.4%

Hbb̄ + jf⌫e 4.53 ⇥ 10 +28.4%
�20.4% 4.77 ⇥ 102 +23.7%

�17.8%

tt̄ + jf⌫e 2.00 ⇥ 10 +29.6%
�21.2% 7.49 ⇥ 102 +22.9%

�17.4%

Table 1: Parton level cross-sections in attobarn (ab) for the charged-current
background processes at the LHeC with Ee = 50 GeV and Ep = 7 TeV and
at the FCC-he with Ee = 60 GeV and Ep = 50 TeV. The electron beam is
unpolarized. We have not included the decays of Z, H, and the top quark. The
uncertainties correspond to scale variations around the nominal scale defined
in Eq. (5). PDF uncertainties are at the percent level and hence are not shown
here. SysCalc [40] was used to compute these uncertainties.

and |⌘ j| < 10. The renormalization and factorization scales are
set to be

µR,0 = µF,0 ⌘
1
2

X

i

q
p

2
T,i + m

2
i
. (5)

The total cross-section of all the CC backgrounds is about
100 fb (751 fb) at the LHeC (FCC-he). The most dominant is
the QCD production of bb̄ j j,5 where j refers to a light quark
(including a charm quark) or a gluon. The second dominant
backgrounds are from the production of a Z boson associated
with another Z boson, the QCD bb̄, or a Higgs boson. The
QCD production of four b quarks follows, and the production
of a Higgs boson in association with bb̄ is less critical. Finally,
the contribution of a top quark pair production is smaller than
the QCD 4b at the LHeC, but similar at the FCC-he. Impor-
tant theoretical uncertainties arose from the scale variations, as
shown in Table 1. PDF uncertainties are of order 1-2% for all
the backgrounds.

We close this section by summarizing the Monte Carlo event
generation procedure. Initially, events for the signal and back-
grounds are generated at LO using MadGraph aMC@NLO version
2.6.7. Parton luminosities were modeled with the NNPDF31 lo
PDF set with ↵s(m2

Z
) = 0.118. Setting the direction of the pro-

ton beam as forward, we convolute the partonic cross-sections
with the PDFs in the LHAPDF6 library [41]. The decays of H,
Z, and the top quark are modeled with MadSpin [42]. We
confirmed that various kinematic distributions from on-shell
samples using MadSpin well agree with those from the o↵-
shell samples. For the parton-showering and hadronization,
we rely on Pythia6 [43] since Pythia8 does not support
the LHE input in electron-proton collisions yet. To correctly

5In what follows, we address each background process as the one without
specifying jf⌫e, for simplicity.
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Figure 1: �/�SM(pe
�
! HH j⌫e) projected on the plane of (2V , �) at the

LHeC (upper panel) and FCC-he (lower panel). The SM cross-section (2V =
� = 1) with the unpolarized electron beam is �SM = 5.97 ab at the LHeC and
�SM = 233.77 ab at the FCC-he.

2V and � yield constructive interference, explaining the neg-
ative slopes of the �/�SM contours: see the first two terms of
Eq. (??). In detail, the LHeC and FCC-he show di↵erent shapes
of the contours. As shall be demonstrated, the LHeC is more
sensitive to � than to 2V . The FCC-he has enough sensitivity
to probe both.

For the bb̄bb̄ decay mode, the final state of the signal
comprises at least four b-tagged jets, one light untagged jet,
and large missing transverse energy (Emiss

T
). The main back-

grounds4 are the QCD multi-jets, diboson, tt̄, and single Higgs
processes, all of which are associated with a forward jet jf and
an electron neutrino ⌫e. In Table 1, we show the calculation of
the LO cross-sections for the backgrounds at parton level using
MadGraph aMC@NLO [38] with NNPDF31 lo parton distribution
function (PDF) set [39]. Basic generator-level cuts were im-
posed on the parton-level objects like p

j

T
> 5 GeV, �Rj > 0.4,

4We do not present the NC backgrounds here since they are to be highly
suppressed by appropriate selection criteria.

Process
�CC [ab]

LHeC FCC-he

bb̄ j j + jf⌫e 1.00 ⇥ 105 +57.9%
�33.9% 7.18 ⇥ 105 +51.7%

�31.6%

ZZ + jf⌫e 9.37 ⇥ 102 +6.95%
�5.45% 2.24 ⇥ 104 +3.65%

�3.26%

Zbb̄ + jf⌫e 5.38 ⇥ 102 +27.5%
�19.9% 4.77 ⇥ 103 +22.6%

�17.1%

ZH + jf⌫e 1.23 ⇥ 102 +7.29%
�6.27% 3.45 ⇥ 103 +3.99%

�3.58%

bb̄bb̄ + jf⌫e 1.82 ⇥ 102 +53.8%
�32.4% 7.11 ⇥ 102 +50.9%

�31.4%

Hbb̄ + jf⌫e 4.53 ⇥ 10 +28.4%
�20.4% 4.77 ⇥ 102 +23.7%

�17.8%

tt̄ + jf⌫e 2.00 ⇥ 10 +29.6%
�21.2% 7.49 ⇥ 102 +22.9%

�17.4%

Table 1: Parton level cross-sections in attobarn (ab) for the charged-current
background processes at the LHeC with Ee = 50 GeV and Ep = 7 TeV and
at the FCC-he with Ee = 60 GeV and Ep = 50 TeV. The electron beam is
unpolarized. We have not included the decays of Z, H, and the top quark. The
uncertainties correspond to scale variations around the nominal scale defined
in Eq. (5). PDF uncertainties are at the percent level and hence are not shown
here. SysCalc [40] was used to compute these uncertainties.

and |⌘ j| < 10. The renormalization and factorization scales are
set to be

µR,0 = µF,0 ⌘
1
2

X

i

q
p

2
T,i + m

2
i
. (5)

The total cross-section of all the CC backgrounds is about
100 fb (751 fb) at the LHeC (FCC-he). The most dominant is
the QCD production of bb̄ j j,5 where j refers to a light quark
(including a charm quark) or a gluon. The second dominant
backgrounds are from the production of a Z boson associated
with another Z boson, the QCD bb̄, or a Higgs boson. The
QCD production of four b quarks follows, and the production
of a Higgs boson in association with bb̄ is less critical. Finally,
the contribution of a top quark pair production is smaller than
the QCD 4b at the LHeC, but similar at the FCC-he. Impor-
tant theoretical uncertainties arose from the scale variations, as
shown in Table 1. PDF uncertainties are of order 1-2% for all
the backgrounds.

We close this section by summarizing the Monte Carlo event
generation procedure. Initially, events for the signal and back-
grounds are generated at LO using MadGraph aMC@NLO version
2.6.7. Parton luminosities were modeled with the NNPDF31 lo
PDF set with ↵s(m2

Z
) = 0.118. Setting the direction of the pro-

ton beam as forward, we convolute the partonic cross-sections
with the PDFs in the LHAPDF6 library [41]. The decays of H,
Z, and the top quark are modeled with MadSpin [42]. We
confirmed that various kinematic distributions from on-shell
samples using MadSpin well agree with those from the o↵-
shell samples. For the parton-showering and hadronization,
we rely on Pythia6 [43] since Pythia8 does not support
the LHE input in electron-proton collisions yet. To correctly

5In what follows, we address each background process as the one without
specifying jf⌫e, for simplicity.
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LO cross-sections for the backgrounds 
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Figure 1: �/�SM(pe
�
! HH j⌫e) projected on the plane of (2V , �) at the

LHeC (upper panel) and FCC-he (lower panel). The SM cross-section (2V =
� = 1) with the unpolarized electron beam is �SM = 5.97 ab at the LHeC and
�SM = 233.77 ab at the FCC-he.

2V and � yield constructive interference, explaining the neg-
ative slopes of the �/�SM contours: see the first two terms of
Eq. (??). In detail, the LHeC and FCC-he show di↵erent shapes
of the contours. As shall be demonstrated, the LHeC is more
sensitive to � than to 2V . The FCC-he has enough sensitivity
to probe both.

For the bb̄bb̄ decay mode, the final state of the signal
comprises at least four b-tagged jets, one light untagged jet,
and large missing transverse energy (Emiss

T
). The main back-

grounds4 are the QCD multi-jets, diboson, tt̄, and single Higgs
processes, all of which are associated with a forward jet jf and
an electron neutrino ⌫e. In Table 1, we show the calculation of
the LO cross-sections for the backgrounds at parton level using
MadGraph aMC@NLO [38] with NNPDF31 lo parton distribution
function (PDF) set [39]. Basic generator-level cuts were im-
posed on the parton-level objects like p

j

T
> 5 GeV, �Rj > 0.4,

4We do not present the NC backgrounds here since they are to be highly
suppressed by appropriate selection criteria.

Process
�CC [ab]

LHeC FCC-he

bb̄ j j + jf⌫e 1.00 ⇥ 105 +57.9%
�33.9% 7.18 ⇥ 105 +51.7%

�31.6%

ZZ + jf⌫e 9.37 ⇥ 102 +6.95%
�5.45% 2.24 ⇥ 104 +3.65%

�3.26%

Zbb̄ + jf⌫e 5.38 ⇥ 102 +27.5%
�19.9% 4.77 ⇥ 103 +22.6%

�17.1%

ZH + jf⌫e 1.23 ⇥ 102 +7.29%
�6.27% 3.45 ⇥ 103 +3.99%

�3.58%

bb̄bb̄ + jf⌫e 1.82 ⇥ 102 +53.8%
�32.4% 7.11 ⇥ 102 +50.9%

�31.4%

Hbb̄ + jf⌫e 4.53 ⇥ 10 +28.4%
�20.4% 4.77 ⇥ 102 +23.7%

�17.8%

tt̄ + jf⌫e 2.00 ⇥ 10 +29.6%
�21.2% 7.49 ⇥ 102 +22.9%

�17.4%

Table 1: Parton level cross-sections in attobarn (ab) for the charged-current
background processes at the LHeC with Ee = 50 GeV and Ep = 7 TeV and
at the FCC-he with Ee = 60 GeV and Ep = 50 TeV. The electron beam is
unpolarized. We have not included the decays of Z, H, and the top quark. The
uncertainties correspond to scale variations around the nominal scale defined
in Eq. (5). PDF uncertainties are at the percent level and hence are not shown
here. SysCalc [40] was used to compute these uncertainties.

and |⌘ j| < 10. The renormalization and factorization scales are
set to be

µR,0 = µF,0 ⌘
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2
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. (5)

The total cross-section of all the CC backgrounds is about
100 fb (751 fb) at the LHeC (FCC-he). The most dominant is
the QCD production of bb̄ j j,5 where j refers to a light quark
(including a charm quark) or a gluon. The second dominant
backgrounds are from the production of a Z boson associated
with another Z boson, the QCD bb̄, or a Higgs boson. The
QCD production of four b quarks follows, and the production
of a Higgs boson in association with bb̄ is less critical. Finally,
the contribution of a top quark pair production is smaller than
the QCD 4b at the LHeC, but similar at the FCC-he. Impor-
tant theoretical uncertainties arose from the scale variations, as
shown in Table 1. PDF uncertainties are of order 1-2% for all
the backgrounds.

We close this section by summarizing the Monte Carlo event
generation procedure. Initially, events for the signal and back-
grounds are generated at LO using MadGraph aMC@NLO version
2.6.7. Parton luminosities were modeled with the NNPDF31 lo
PDF set with ↵s(m2

Z
) = 0.118. Setting the direction of the pro-

ton beam as forward, we convolute the partonic cross-sections
with the PDFs in the LHAPDF6 library [41]. The decays of H,
Z, and the top quark are modeled with MadSpin [42]. We
confirmed that various kinematic distributions from on-shell
samples using MadSpin well agree with those from the o↵-
shell samples. For the parton-showering and hadronization,
we rely on Pythia6 [43] since Pythia8 does not support
the LHE input in electron-proton collisions yet. To correctly

5In what follows, we address each background process as the one without
specifying jf⌫e, for simplicity.
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For 4b+(forward j)+nu Cut bb̄ j j/bb̄bb̄ ZZ/HZ (Z/H)bb̄ tt̄ total backgrounds Signal (� = 2V = 1)

LHeC with Ltot = 1 ab�1

Initial 100167.05 32.10 107.41 17.65 100324.21 (100%) 1.98 (100%)
4b-tag 4.36 2.77 2.26 0.02 9.41 (0.0094%) 0.25 (12.34%)

Forward jet 1.80 2.15 1.24 0.01 5.20 (0.0052%) 0.17 (8.88%)
Lepton veto 1.80 2.15 1.24 0.01 5.20 (0.0052%) 0.17 (8.88%)

E
miss
T
> 40 GeV 1.33 1.52 0.95 0.01 3.81 (0.0038%) 0.074 (3.73%)

Minimum DHH 1.27 1.48 0.91 0.01 3.66 (0.0037%) 0.064 (3.25%)
XHH < 3.0 0.15 0.23 0.17 0.00 0.55 (0.00043%) 0.04 (2.04%)

FCC-he with Ltot = 10 ab�1

Initial 7180161 8141.8 9989.6 6673.6 7204970.0 (100%) 779.70 (100%)
4b-tag 934.2 745.6 274.7 24.2 1978.7 (0.026%) 94.05 (12.06%)

Forward jet 562.6 637.1 185.6 21.9 1407.2 (0.018%) 74.71 (9.58%)
Lepton veto 562.5 637.0 185.6 18.8 1403.9 (0.018%) 74.71 (9.58%)

E
miss
T
> 40 GeV 492.3 497.7 153.0 16.2 1159.2 (0.015%) 42.11 (5.40%)

Minimum DHH 412.9 458.8 129.9 13.9 1015.5 (0.014%) 29.71 (3.81%)
XHH < 2.0 29.8 32.6 10.2 1.5 74.1 (0.00098%) 10.99 (1.41%)

Table 2: Cut-flow chart of the number of events of the signal and backgrounds at the LHeC and the FCC-he with the unpolarized electron beam. The background
processes are denoted as omitting jf⌫e for simplicity. The numbers inside the parentheses show the acceptance times e�ciency after the selection step i with respect
to the initial number of events n0, i.e. ✏i = ni/n0.

be defined below, for di↵erent values of the upper-cut on
XHH . We found that XHH < 3 (XHH < 2) at the LHeC
(FCC-he) maximizes the signal significance, by which we
define the signal region. Note that especially at the LHeC,
XHH < 3 allows significantly more data in the signal region
than the LHC cut of XHH < 1.6, which partially o↵sets the
weakness of the LHeC’s having tiny signal events.

3.2. Results

In this section, we discuss the results of our analysis. Af-
ter the full selection, the signal e�ciency is about 2.0% for the
LHeC and about 1.4% at the FCC-he, while the background ef-
ficiency is about O(10�4-10�3)% (see Table 2). To obtain the
discovery potential, we compute the signal significance includ-
ing the background uncertainty [48], defined by

S =

"
2(Ns + Nb) log

0
BBBB@

(Ns + Nb)(Nb + �2b)
N

2
b
+ (Ns + Nb)�2

b

1
CCCCA (9)

�
2N

2
b

�2
b

log
0
BBBB@1 +

�2
b
Ns

Nb(Nb + �2b)

1
CCCCA
#1/2
,

where Ns is the number of signal events, Nb is the number of
background events, and �b = �bgNb is the uncertainty in the
background yields. The numbers of the signal and background
events are

Ns = Ltot ⇥ ✏HH�HHB
2
H!bb̄
, (10)

Nb = Ltot ⇥


✏bb j j�bb j j + ✏ZZ�ZZB

2
Z!bb̄

+ ✏Hbb̄�Hbb̄BH!bb̄

+ 2✏HZ�HZBH!bb̄BZ!bb̄ + ✏Zbb̄�Zbb̄BZ!bb̄

+ ✏tt̄�tt̄B
2
t!b j j

+ 2✏tt̄�tt̄Bt!b j jBt!b`⌫

#
,

where Ltot is the total integrated luminosity, ✏X is the accep-
tance times e�ciency for the process X in the signal region,
and BX is the branching ratio of the decay X. Brief comments
on the error estimation for the backgrounds are in order here.
In principle, the background errors show di↵erent variation ac-
cording to jet energy scale, the momentum smearing, b-tagging
e�ciency, jet energy resolution, and theoretical uncertainties.
Since the detailed study is beyond the scope of this work, we
take two simple cases, �bg = 10% and �bg = 50%.6

In Fig. 3, we display the expected exclusions on the plane of
2V and � at the LHeC (upper panel) and the FCC-he (lower
panel), corresponding to S > 2. We consider the electron beam
polarization of Pe = �80% and two cases of the background
uncertainty, �bg = 10% (solid) and �bg = 50% (dashed). For
the total integrated luminosity Ltot, we take 1 ab�1 (olive) and
10 ab�1 (orchid) at the LHeC, and 0.1 ab�1 (olive), 1 ab�1 (or-
chid), and 10 ab�1 (blue) at the FCC-he. The common result
of the LHeC and FCC-he is that the same-sign 2V and � re-
gion is more strongly constrained because of the constructive
interference discussed before.

In detail, the LHeC and FCC-he have di↵erent exclusion po-
tential. In general, the LHeC has limitations in constraining 2V

and � because of its lower center-of-mass energy. Neverthe-
less, it can produce some meaningful results. If 2V = 1, the
LHeC data with Ltot = 1 ab�1 and �bg = 10% can constrain �
as �3 . � . 6, which is weaker than the HL-LHC prospect.
If � = 1, the LHeC data with Ltot = 1 ab�1 and �bg = 10%

6In this study, we adopted a conservative approach for the background un-
certainties. Considering the expected improvement of various precisions, e.g.,
the PDF precision at the LHeC, we expect that �bg = 10% can be obtained in
the future.
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model hadronization of the events, we modified the default
Pythia6 setup. First, we switch o↵ the lepton PDF by setting
MSTP(11)=0. Second, we also switch o↵ the QED initial state
radiation for the electron beam by setting MSTP(61)=0. Finally,
we switch o↵ the negligible multiple-parton interactions, which
saves a considerable amount of computing time. We use the de-
fault PDF at the Pythia6 level, CTEQ6l [44]. Fast detector sim-
ulation was performed using Delphes version 3.4.2 [45]. To
match the particle e�ciencies, momentum smearing, and isola-
tion parameters with the default values in the Concept Design
Report of the LHeC [22], we have performed minor modifica-
tions on the Delphes cards in the GitHub repository https://
github.com/delphes/delphes/tree/master/cards. Jets
are clustered using the anti-kT algorithm [46] with a jet radius
R = 0.4 in FastJet version 3.3.2 [47]. The b-tagging e�-
ciency is set to be 70%. For the mistagging rates of the light and
charm jets as a b jet, we adopted the default values in the above
Delphes cards: at the LHeC, Pj!b = 0.001 and Pc!b = 0.05;
at the FCC-he, Pj!b = 0.001 and Pc!b = 0.04 for |⌘| < 2.5,
Pj!b = 0.00075 and Pc!b = 0.03 for 2.5 < |⌘| < 4.

3. Results and Discussion

3.1. Event selection

In this section, we update the ATLAS analysis strategy for the
VBF production of HH [16], to optimize the signal significance
at the LHeC and FCC-he. As summarized in Table 2, the event
selections take the following steps:

• Initial:

The initial number of events, n0, is obtained from the
full detector-level simulation. We consider the decays of
H ! bb̄, Z ! bb̄, and both the semi-leptonic and hadronic
decays of a top quark pair.

• 4b-tag:

We require the presence of at least four b-tagged jets with
p

b

T
> 20 GeV and |⌘b

| < 5. The acceptance times e�-
ciency for the signal processes is around 10-16%, depend-
ing on the values of � and 2V .

• Forward jet:

We demand that at least one jet, untagged as a b jet,

p
jf
T
> 20 GeV, 1.5 < ⌘ jf < 7

Note that the definition of being forward at asymmetric
e
�

p colliders is di↵erent from that at the LHC. This selec-
tion reduces the signal events by about 20%, irrespective
of the hypothesis of 2V and �.

• Lepton veto:

We veto the events which contains an isolated lepton
(` = e

±, µ±) with p
`
T
> 10 GeV and |⌘` | < 5. The cri-

teria of lepton isolation is required so that charged lep-
tons from heavy hadron decays are not subject to this se-
lection but their momenta are added to the hadronic jet if
�R(`, jet) < 0.2. Here �R ⌘

p
�⌘2 + ��2. This selection

is very e↵ective in suppressing the NC backgrounds. The
event yields for the signal and CC backgrounds remain al-
most the same.

• E
miss
T

-cut:

This selection consists of two requirements, E
miss
T

>
40 GeV and |� jf � �E

miss
T

| > 0.4. The latter removes
the backgrounds with incorrectly measured E

miss
T

. At this
stage, the signal event yield is reduced by about 10%.

• Minimum DHH:

The mission here is to find two Higgs boson candidates
from four b-tagged jets. There are three possible combina-
tions for pairing two b-jets out of four, called the dijet. In
each combination, we order two dijets according to their
transverse momentum, and call them the ‘leading‘ dijet
and the ‘sub-leading‘ dijet. Computing the angular sep-
aration of two b-jets inside each dijet system, �Rlead and
�Rslead, we require

�Rlead <
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>>:

653 GeV
M4b

+ 0.475 if M4b < 1250 GeV,
1.0 if M4b > 1250 GeV,

(6)
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>>:
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+ 0.35 if M4b < 1250 GeV,
1.0 if M4b > 1250 GeV,

where M4b is the invariant mass of the four b-tagged jets.
Among the pairings that satisfy Eq. (6), we choose the
pairing with the smallest value of DHH as the final HH

candidate. Here DHH is [16]
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where M
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⌘
is the invariant mass of the leading

(sub-leading) dijet system. The values of 116.5 GeV and
123.7 GeV are adopted to properly treat the energy loss in
the semi-leptonic decays of the b-hadrons.

• XHH-cut:

Finally, the signal region is defined by the following vari-
able [16]:

XHH
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The ATLAS collaboration required XHH < 1.6 to max-
imize the LHC signal significance. To optimize the
search at the LHeC and FCC-he, we present the dif-
ferential cross-sections as a function of XHH for the
LHeC and FCC-he in Fig. 2. The histograms in gray
represent the total background distributions. We also
show the signal results in six di↵erent hypotheses of

4

Different forward jet definition

Figure 1: An rz cross section of the LHeC detector in its baseline design with the solenoid and dipole magnets
placed between the electromagnetic and the hadronic calorimeters. The interaction point is surrounded by a central
tracker system, complemented by large forward and backward tracker telescopes, and followed by sets of calorimeters,
see text. The detector dimensions are ⇡ 13.6m longitudinally to the beam and ⇡ 9.3m in diameter, which may be
compared with the CMS dimensions of 21⇥ 15m2.

is �/E = 8.5/
q
E/GeV � 0.3%. The hadronic energy resolution, from a first combined LAr and

scintillator tile calorimeter simulation is �/E = 32/
q
E/GeV � 8.6%.

The CDR [5] also contains designs for forward and backward tagging devices for di↵ractive and
neutron physics and for photo-production and luminosity measurements, respectively. The radiation
level at the LHeC is much lower than in pp, and the ep cross section is low enough for the experiment
not to su↵er from any pile-up, which are the two most demanding constraints for the ATLAS and
CMS detectors and their upgrades for the HL-LHC. The choice of components for the LHeC detector
can rely on the experience obtained at HERA, at the LHC, including its detector upgrades currently
being developed, and also on detector development studies for the ILC. The detector development,
while requiring prototyping, may therefore proceed without an extended R&D program.

The time schedule of the LHeC project is given by the LHC and its upgrade project, which
demand a detector to be ready within about 10 � 12 years. A first installation study was made
considering pre-mounting the detector at the surface, lowering and installing it at IP2. The detector
is small enough to fit into the L3 magnet structure of 11.2m diameter, which is still resident in IP2
and would be available as mechanical support. Based on the design, as detailed in the CDR, it is
estimated that the whole installation can be done in 30months, which appears to be compliant with
the operations currently foreseen in the LS3 shutdown in the early twenties.

3



For 4b+(forward j)+nu Cut bb̄ j j/bb̄bb̄ ZZ/HZ (Z/H)bb̄ tt̄ total backgrounds Signal (� = 2V = 1)

LHeC with Ltot = 1 ab�1

Initial 100167.05 32.10 107.41 17.65 100324.21 (100%) 1.98 (100%)
4b-tag 4.36 2.77 2.26 0.02 9.41 (0.0094%) 0.25 (12.34%)

Forward jet 1.80 2.15 1.24 0.01 5.20 (0.0052%) 0.17 (8.88%)
Lepton veto 1.80 2.15 1.24 0.01 5.20 (0.0052%) 0.17 (8.88%)

E
miss
T
> 40 GeV 1.33 1.52 0.95 0.01 3.81 (0.0038%) 0.074 (3.73%)

Minimum DHH 1.27 1.48 0.91 0.01 3.66 (0.0037%) 0.064 (3.25%)
XHH < 3.0 0.15 0.23 0.17 0.00 0.55 (0.00043%) 0.04 (2.04%)

FCC-he with Ltot = 10 ab�1

Initial 7180161 8141.8 9989.6 6673.6 7204970.0 (100%) 779.70 (100%)
4b-tag 934.2 745.6 274.7 24.2 1978.7 (0.026%) 94.05 (12.06%)

Forward jet 562.6 637.1 185.6 21.9 1407.2 (0.018%) 74.71 (9.58%)
Lepton veto 562.5 637.0 185.6 18.8 1403.9 (0.018%) 74.71 (9.58%)

E
miss
T
> 40 GeV 492.3 497.7 153.0 16.2 1159.2 (0.015%) 42.11 (5.40%)

Minimum DHH 412.9 458.8 129.9 13.9 1015.5 (0.014%) 29.71 (3.81%)
XHH < 2.0 29.8 32.6 10.2 1.5 74.1 (0.00098%) 10.99 (1.41%)

Table 2: Cut-flow chart of the number of events of the signal and backgrounds at the LHeC and the FCC-he with the unpolarized electron beam. The background
processes are denoted as omitting jf⌫e for simplicity. The numbers inside the parentheses show the acceptance times e�ciency after the selection step i with respect
to the initial number of events n0, i.e. ✏i = ni/n0.

be defined below, for di↵erent values of the upper-cut on
XHH . We found that XHH < 3 (XHH < 2) at the LHeC
(FCC-he) maximizes the signal significance, by which we
define the signal region. Note that especially at the LHeC,
XHH < 3 allows significantly more data in the signal region
than the LHC cut of XHH < 1.6, which partially o↵sets the
weakness of the LHeC’s having tiny signal events.

3.2. Results

In this section, we discuss the results of our analysis. Af-
ter the full selection, the signal e�ciency is about 2.0% for the
LHeC and about 1.4% at the FCC-he, while the background ef-
ficiency is about O(10�4-10�3)% (see Table 2). To obtain the
discovery potential, we compute the signal significance includ-
ing the background uncertainty [48], defined by
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where Ns is the number of signal events, Nb is the number of
background events, and �b = �bgNb is the uncertainty in the
background yields. The numbers of the signal and background
events are

Ns = Ltot ⇥ ✏HH�HHB
2
H!bb̄
, (10)

Nb = Ltot ⇥
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2
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where Ltot is the total integrated luminosity, ✏X is the accep-
tance times e�ciency for the process X in the signal region,
and BX is the branching ratio of the decay X. Brief comments
on the error estimation for the backgrounds are in order here.
In principle, the background errors show di↵erent variation ac-
cording to jet energy scale, the momentum smearing, b-tagging
e�ciency, jet energy resolution, and theoretical uncertainties.
Since the detailed study is beyond the scope of this work, we
take two simple cases, �bg = 10% and �bg = 50%.6

In Fig. 3, we display the expected exclusions on the plane of
2V and � at the LHeC (upper panel) and the FCC-he (lower
panel), corresponding to S > 2. We consider the electron beam
polarization of Pe = �80% and two cases of the background
uncertainty, �bg = 10% (solid) and �bg = 50% (dashed). For
the total integrated luminosity Ltot, we take 1 ab�1 (olive) and
10 ab�1 (orchid) at the LHeC, and 0.1 ab�1 (olive), 1 ab�1 (or-
chid), and 10 ab�1 (blue) at the FCC-he. The common result
of the LHeC and FCC-he is that the same-sign 2V and � re-
gion is more strongly constrained because of the constructive
interference discussed before.

In detail, the LHeC and FCC-he have di↵erent exclusion po-
tential. In general, the LHeC has limitations in constraining 2V

and � because of its lower center-of-mass energy. Neverthe-
less, it can produce some meaningful results. If 2V = 1, the
LHeC data with Ltot = 1 ab�1 and �bg = 10% can constrain �
as �3 . � . 6, which is weaker than the HL-LHC prospect.
If � = 1, the LHeC data with Ltot = 1 ab�1 and �bg = 10%

6In this study, we adopted a conservative approach for the background un-
certainties. Considering the expected improvement of various precisions, e.g.,
the PDF precision at the LHeC, we expect that �bg = 10% can be obtained in
the future.
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model hadronization of the events, we modified the default
Pythia6 setup. First, we switch o↵ the lepton PDF by setting
MSTP(11)=0. Second, we also switch o↵ the QED initial state
radiation for the electron beam by setting MSTP(61)=0. Finally,
we switch o↵ the negligible multiple-parton interactions, which
saves a considerable amount of computing time. We use the de-
fault PDF at the Pythia6 level, CTEQ6l [44]. Fast detector sim-
ulation was performed using Delphes version 3.4.2 [45]. To
match the particle e�ciencies, momentum smearing, and isola-
tion parameters with the default values in the Concept Design
Report of the LHeC [22], we have performed minor modifica-
tions on the Delphes cards in the GitHub repository https://
github.com/delphes/delphes/tree/master/cards. Jets
are clustered using the anti-kT algorithm [46] with a jet radius
R = 0.4 in FastJet version 3.3.2 [47]. The b-tagging e�-
ciency is set to be 70%. For the mistagging rates of the light and
charm jets as a b jet, we adopted the default values in the above
Delphes cards: at the LHeC, Pj!b = 0.001 and Pc!b = 0.05;
at the FCC-he, Pj!b = 0.001 and Pc!b = 0.04 for |⌘| < 2.5,
Pj!b = 0.00075 and Pc!b = 0.03 for 2.5 < |⌘| < 4.

3. Results and Discussion

3.1. Event selection

In this section, we update the ATLAS analysis strategy for the
VBF production of HH [16], to optimize the signal significance
at the LHeC and FCC-he. As summarized in Table 2, the event
selections take the following steps:

• Initial:

The initial number of events, n0, is obtained from the
full detector-level simulation. We consider the decays of
H ! bb̄, Z ! bb̄, and both the semi-leptonic and hadronic
decays of a top quark pair.

• 4b-tag:

We require the presence of at least four b-tagged jets with
p

b

T
> 20 GeV and |⌘b

| < 5. The acceptance times e�-
ciency for the signal processes is around 10-16%, depend-
ing on the values of � and 2V .

• Forward jet:

We demand that at least one jet, untagged as a b jet, has
p

jf
T
> 20 GeV and 1.5 < ⌘ jf < 7. Note that the definition

of being forward at asymmetric e
�

p colliders is di↵erent
from that at the LHC. This selection reduces the signal
events by about 20%, irrespective of the hypothesis of 2V

and �.

• Lepton veto:

We veto the events which contains an isolated lepton
(` = e

±, µ±) with p
`
T
> 10 GeV and |⌘` | < 5. The cri-

teria of lepton isolation is required so that charged lep-
tons from heavy hadron decays are not subject to this se-
lection but their momenta are added to the hadronic jet if
�R(`, jet) < 0.2. Here �R ⌘

p
�⌘2 + ��2. This selection

is very e↵ective in suppressing the NC backgrounds. The
event yields for the signal and CC backgrounds remain al-
most the same.

• E
miss
T

-cut:

This selection consists of two requirements, E
miss
T

>
40 GeV and |� jf � �E

miss
T

| > 0.4. The latter removes
the backgrounds with incorrectly measured E

miss
T

. At this
stage, the signal event yield is reduced by about 10%.

• Minimum DHH:

The mission here is to find two Higgs boson candidates
from four b-tagged jets. There are three possible combina-
tions for pairing two b-jets out of four, called the dijet. In
each combination, we order two dijets according to their
transverse momentum, and call them the ‘leading‘ dijet
and the ‘sub-leading‘ dijet. Computing the angular sep-
aration of two b-jets inside each dijet system, �Rlead and
�Rslead, we require

�Rlead <

8>><
>>:

653 GeV
M4b

+ 0.475 if M4b < 1250 GeV,
1.0 if M4b > 1250 GeV,

(6)

�Rslead <

8>><
>>:

875 GeV
M4b

+ 0.35 if M4b < 1250 GeV,
1.0 if M4b > 1250 GeV,

where M4b is the invariant mass of the four b-tagged jets.
Among the pairings that satisfy Eq. (6), we choose the
pairing with the smallest value of DHH as the final HH

candidate. Here DHH is [16]
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where M
lead
dijet

⇣
M

slead
dijet

⌘
is the invariant mass of the leading

(sub-leading) dijet system. The values of 116.5 GeV and
123.7 GeV are adopted to properly treat the energy loss in
the semi-leptonic decays of the b-hadrons.

• XHH-cut:

Finally, the signal region is defined by the following vari-
able [16]:
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The ATLAS collaboration required XHH < 1.6 to max-
imize the LHC signal significance. To optimize the
search at the LHeC and FCC-he, we present the dif-
ferential cross-sections as a function of XHH for the
LHeC and FCC-he in Fig. 2. The histograms in gray
represent the total background distributions. We also
show the signal results in six di↵erent hypotheses of
(�, 2V ) = {(�6,�1), (12, 3), (0, 3), (1, 1), (�3, 0), (5, 0)} in
green, blue, olive, red, purple, and cyan respectively. It is
clear to see that the backgrounds are distributed in the high
XHH region. We have calculated the signal significance, to

4

To pick up HH



For 4b+(forward j)+nu Cut bb̄ j j/bb̄bb̄ ZZ/HZ (Z/H)bb̄ tt̄ total backgrounds Signal (� = 2V = 1)

LHeC with Ltot = 1 ab�1

Initial 100167.05 32.10 107.41 17.65 100324.21 (100%) 1.98 (100%)
4b-tag 4.36 2.77 2.26 0.02 9.41 (0.0094%) 0.25 (12.34%)

Forward jet 1.80 2.15 1.24 0.01 5.20 (0.0052%) 0.17 (8.88%)
Lepton veto 1.80 2.15 1.24 0.01 5.20 (0.0052%) 0.17 (8.88%)

E
miss
T
> 40 GeV 1.33 1.52 0.95 0.01 3.81 (0.0038%) 0.074 (3.73%)

Minimum DHH 1.27 1.48 0.91 0.01 3.66 (0.0037%) 0.064 (3.25%)
XHH < 3.0 0.15 0.23 0.17 0.00 0.55 (0.00043%) 0.04 (2.04%)

FCC-he with Ltot = 10 ab�1

Initial 7180161 8141.8 9989.6 6673.6 7204970.0 (100%) 779.70 (100%)
4b-tag 934.2 745.6 274.7 24.2 1978.7 (0.026%) 94.05 (12.06%)

Forward jet 562.6 637.1 185.6 21.9 1407.2 (0.018%) 74.71 (9.58%)
Lepton veto 562.5 637.0 185.6 18.8 1403.9 (0.018%) 74.71 (9.58%)

E
miss
T
> 40 GeV 492.3 497.7 153.0 16.2 1159.2 (0.015%) 42.11 (5.40%)

Minimum DHH 412.9 458.8 129.9 13.9 1015.5 (0.014%) 29.71 (3.81%)
XHH < 2.0 29.8 32.6 10.2 1.5 74.1 (0.00098%) 10.99 (1.41%)

Table 2: Cut-flow chart of the number of events of the signal and backgrounds at the LHeC and the FCC-he with the unpolarized electron beam. The background
processes are denoted as omitting jf⌫e for simplicity. The numbers inside the parentheses show the acceptance times e�ciency after the selection step i with respect
to the initial number of events n0, i.e. ✏i = ni/n0.

be defined below, for di↵erent values of the upper-cut on
XHH . We found that XHH < 3 (XHH < 2) at the LHeC
(FCC-he) maximizes the signal significance, by which we
define the signal region. Note that especially at the LHeC,
XHH < 3 allows significantly more data in the signal region
than the LHC cut of XHH < 1.6, which partially o↵sets the
weakness of the LHeC’s having tiny signal events.

3.2. Results

In this section, we discuss the results of our analysis. Af-
ter the full selection, the signal e�ciency is about 2.0% for the
LHeC and about 1.4% at the FCC-he, while the background ef-
ficiency is about O(10�4-10�3)% (see Table 2). To obtain the
discovery potential, we compute the signal significance includ-
ing the background uncertainty [48], defined by
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where Ns is the number of signal events, Nb is the number of
background events, and �b = �bgNb is the uncertainty in the
background yields. The numbers of the signal and background
events are

Ns = Ltot ⇥ ✏HH�HHB
2
H!bb̄
, (10)
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where Ltot is the total integrated luminosity, ✏X is the accep-
tance times e�ciency for the process X in the signal region,
and BX is the branching ratio of the decay X. Brief comments
on the error estimation for the backgrounds are in order here.
In principle, the background errors show di↵erent variation ac-
cording to jet energy scale, the momentum smearing, b-tagging
e�ciency, jet energy resolution, and theoretical uncertainties.
Since the detailed study is beyond the scope of this work, we
take two simple cases, �bg = 10% and �bg = 50%.6

In Fig. 3, we display the expected exclusions on the plane of
2V and � at the LHeC (upper panel) and the FCC-he (lower
panel), corresponding to S > 2. We consider the electron beam
polarization of Pe = �80% and two cases of the background
uncertainty, �bg = 10% (solid) and �bg = 50% (dashed). For
the total integrated luminosity Ltot, we take 1 ab�1 (olive) and
10 ab�1 (orchid) at the LHeC, and 0.1 ab�1 (olive), 1 ab�1 (or-
chid), and 10 ab�1 (blue) at the FCC-he. The common result
of the LHeC and FCC-he is that the same-sign 2V and � re-
gion is more strongly constrained because of the constructive
interference discussed before.

In detail, the LHeC and FCC-he have di↵erent exclusion po-
tential. In general, the LHeC has limitations in constraining 2V

and � because of its lower center-of-mass energy. Neverthe-
less, it can produce some meaningful results. If 2V = 1, the
LHeC data with Ltot = 1 ab�1 and �bg = 10% can constrain �
as �3 . � . 6, which is weaker than the HL-LHC prospect.
If � = 1, the LHeC data with Ltot = 1 ab�1 and �bg = 10%

6In this study, we adopted a conservative approach for the background un-
certainties. Considering the expected improvement of various precisions, e.g.,
the PDF precision at the LHeC, we expect that �bg = 10% can be obtained in
the future.
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model hadronization of the events, we modified the default
Pythia6 setup. First, we switch o↵ the lepton PDF by setting
MSTP(11)=0. Second, we also switch o↵ the QED initial state
radiation for the electron beam by setting MSTP(61)=0. Finally,
we switch o↵ the negligible multiple-parton interactions, which
saves a considerable amount of computing time. We use the de-
fault PDF at the Pythia6 level, CTEQ6l [44]. Fast detector sim-
ulation was performed using Delphes version 3.4.2 [45]. To
match the particle e�ciencies, momentum smearing, and isola-
tion parameters with the default values in the Concept Design
Report of the LHeC [22], we have performed minor modifica-
tions on the Delphes cards in the GitHub repository https://
github.com/delphes/delphes/tree/master/cards. Jets
are clustered using the anti-kT algorithm [46] with a jet radius
R = 0.4 in FastJet version 3.3.2 [47]. The b-tagging e�-
ciency is set to be 70%. For the mistagging rates of the light and
charm jets as a b jet, we adopted the default values in the above
Delphes cards: at the LHeC, Pj!b = 0.001 and Pc!b = 0.05;
at the FCC-he, Pj!b = 0.001 and Pc!b = 0.04 for |⌘| < 2.5,
Pj!b = 0.00075 and Pc!b = 0.03 for 2.5 < |⌘| < 4.

3. Results and Discussion

3.1. Event selection

In this section, we update the ATLAS analysis strategy for the
VBF production of HH [16], to optimize the signal significance
at the LHeC and FCC-he. As summarized in Table 2, the event
selections take the following steps:

• Initial:

The initial number of events, n0, is obtained from the
full detector-level simulation. We consider the decays of
H ! bb̄, Z ! bb̄, and both the semi-leptonic and hadronic
decays of a top quark pair.

• 4b-tag:

We require the presence of at least four b-tagged jets with
p

b

T
> 20 GeV and |⌘b

| < 5. The acceptance times e�-
ciency for the signal processes is around 10-16%, depend-
ing on the values of � and 2V .

• Forward jet:

We demand that at least one jet, untagged as a b jet, has
p

jf
T
> 20 GeV and 1.5 < ⌘ jf < 7. Note that the definition

of being forward at asymmetric e
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p colliders is di↵erent
from that at the LHC. This selection reduces the signal
events by about 20%, irrespective of the hypothesis of 2V

and �.

• Lepton veto:

We veto the events which contains an isolated lepton
(` = e

±, µ±) with p
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T
> 10 GeV and |⌘` | < 5. The cri-

teria of lepton isolation is required so that charged lep-
tons from heavy hadron decays are not subject to this se-
lection but their momenta are added to the hadronic jet if
�R(`, jet) < 0.2. Here �R ⌘
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is very e↵ective in suppressing the NC backgrounds. The
event yields for the signal and CC backgrounds remain al-
most the same.
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This selection consists of two requirements, E
miss
T

>
40 GeV and |� jf � �E

miss
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| > 0.4. The latter removes
the backgrounds with incorrectly measured E

miss
T

. At this
stage, the signal event yield is reduced by about 10%.

• Minimum DHH:

The mission here is to find two Higgs boson candidates
from four b-tagged jets. There are three possible combina-
tions for pairing two b-jets out of four, called the dijet. In
each combination, we order two dijets according to their
transverse momentum, and call them the ‘leading‘ dijet
and the ‘sub-leading‘ dijet. Computing the angular sep-
aration of two b-jets inside each dijet system, �Rlead and
�Rslead, we require

�Rlead <
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+ 0.475 if M4b < 1250 GeV,
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where M4b is the invariant mass of the four b-tagged jets.
Among the pairings that satisfy Eq. (6), we choose the
pairing with the smallest value of DHH as the final HH
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is the invariant mass of the leading

(sub-leading) dijet system. The values of 116.5 GeV and
123.7 GeV are adopted to properly treat the energy loss in
the semi-leptonic decays of the b-hadrons.

• XHH-cut:

Finally, the signal region is defined by the following vari-
able [16]:

XHH
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1
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2

+

0
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M
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dijet � 116.5 GeV

18.1 GeV

1
CCCCCCA

2

The ATLAS collaboration required XHH < 1.6 to max-
imize the LHC signal significance. To optimize the
search at the LHeC and FCC-he, we present the dif-
ferential cross-sections as a function of XHH for the
LHeC and FCC-he in Fig. 2. The histograms in gray
represent the total background distributions. We also
show the signal results in six di↵erent hypotheses of
(�, 2V ) = {(�6,�1), (12, 3), (0, 3), (1, 1), (�3, 0), (5, 0)} in
green, blue, olive, red, purple, and cyan respectively. It is
clear to see that the backgrounds are distributed in the high
XHH region. We have calculated the signal significance, to
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Figure 2: The di↵erential cross-sections as a function of XHH at the LHeC
(upper panel) and FCC-he (lower panel) with the unpolarized electron beam.
The total background is shown as the histogram in gray. The six di↵erent signal
hypotheses are (�, 2V ) = {(�6,�1), (12, 3), (0, 3), (1, 1), (�3, 0), (5, 0)} shown
in green, blue, olive, red, purple, and cyan respectively.

can exclude 2V . �1 and 2V & 3.2, which is compatible
with the current bound on 2V 2 [�0.66, 2.89] at 95% C.L. [16].
Considering the feasibility of the concurrent operation of the
HL-LHC and LHeC, two colliders shall play a complementary
role in probing 2V . In terms of the ratio of the cross-section of
the CC VBF production of HH to the SM value, the LHeC with
Ltot = 1 ab�1 and �bg = 10 (50)% can limit �/�SM . 30 (35).

On the other hand, the FCC-he has high potential in probing
both 2V and �. For � 2 [0.1, 2.3] suggested by the HL-LHC
prospect study [3], |2V | & 0.2 is to be excluded by the FCC-he
data with Ltot = 10 ab�1 and �bg = 10%. Two important rea-
sons for this high precision are higher signal cross-section and
similar rejection rates of the SM backgrounds (see Table 2). At
the FCC-he with �bg = 10% (50%), we estimated conservative
bounds on the ratio of the Higgs pair production cross section
to the SM value as follows:

�

�SM

�����
FCC�he

<

8>>>>><
>>>>>:

11 (14) for Ltot = 0.1 ab�1,

3.5 (8) for Ltot = 1 ab�1,

1 (7) for Ltot = 10 ab�1.

(10)

Figure 3: The expected exclusions from Higgs boson pair production projected
on (2V , �) at the LHeC and FCC-he with the electron beam polarization of
Pe = �80%. We consider several options for the total integrated luminos-
ity: 1 ab�1 (olive) and 10 ab�1 (orchid) at the LHeC; 0.1 ab�1 (olive), 1 ab�1

(orchid), and 10 ab�1 (blue) at the FCC-he. Two choices of the background
uncertainty are considered, �bg = 10% (solid) and �bg = 50% (dashed).

Final comments on the role of higher electron beam energy in
probing the HH process are in order here. Although it is practi-
cal for the LHeC working group to choose Ee = 50 GeV due to
the cost issues, the physics gain from higher Ee is more impor-
tant than anything else. We found that setting Ee = 120 GeV in-
creases the background cross sections by a factor of 2.32 (1.82)
at the LHeC (FCC-he). For the signal cross sections, the en-
hancement factor is 2.1 – 2.7 at the LHeC and 4.4 – 5.9 at the
FCC-he, depending on the values of � and 2V . Assuming sim-
ilar e�ciencies for both the signal and backgrounds to those in
Table 2, we expect that the significance increases by a factor of
1.4 – 1.8 (3.3 – 4.4) at the LHeC (FCC-he). At the FCC-he,
increasing Ee into 120 GeV has almost the same e↵ect as in-
creasing the total luminosity tenfold. We strongly suggest that
the FCC-he working group seriously consider the higher Ee op-
tion.
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can exclude 2V . �1 and 2V & 3.2, which is compatible
with the current bound on 2V 2 [�0.66, 2.89] at 95% C.L. [16].
Considering the feasibility of the concurrent operation of the
HL-LHC and LHeC, two colliders shall play a complementary
role in probing 2V . In terms of the ratio of the cross-section of
the CC VBF production of HH to the SM value, the LHeC with
Ltot = 1 ab�1 and �bg = 10 (50)% can limit �/�SM . 30 (35).

On the other hand, the FCC-he has high potential in probing
both 2V and �. For � 2 [0.1, 2.3] suggested by the HL-LHC
prospect study [3], |2V | & 0.2 is to be excluded by the FCC-he
data with Ltot = 10 ab�1 and �bg = 10%. Two important rea-
sons for this high precision are higher signal cross-section and
similar rejection rates of the SM backgrounds (see Table 2). At
the FCC-he with �bg = 10% (50%), we estimated conservative
bounds on the ratio of the Higgs pair production cross section
to the SM value as follows:
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Figure 3: The expected exclusions from Higgs boson pair production projected
on (2V , �) at the LHeC and FCC-he with the electron beam polarization of
Pe = �80%. We consider several options for the total integrated luminos-
ity: 1 ab�1 (olive) and 10 ab�1 (orchid) at the LHeC; 0.1 ab�1 (olive), 1 ab�1

(orchid), and 10 ab�1 (blue) at the FCC-he. Two choices of the background
uncertainty are considered, �bg = 10% (solid) and �bg = 50% (dashed).

Final comments on the role of higher electron beam energy in
probing the HH process are in order here. Although it is practi-
cal for the LHeC working group to choose Ee = 50 GeV due to
the cost issues, the physics gain from higher Ee is more impor-
tant than anything else. We found that setting Ee = 120 GeV in-
creases the background cross sections by a factor of 2.32 (1.82)
at the LHeC (FCC-he). For the signal cross sections, the en-
hancement factor is 2.1 – 2.7 at the LHeC and 4.4 – 5.9 at the
FCC-he, depending on the values of � and 2V . Assuming sim-
ilar e�ciencies for both the signal and backgrounds to those in
Table 2, we expect that the significance increases by a factor of
1.4 – 1.8 (3.3 – 4.4) at the LHeC (FCC-he). At the FCC-he,
increasing Ee into 120 GeV has almost the same e↵ect as in-
creasing the total luminosity tenfold. We strongly suggest that
the FCC-he working group seriously consider the higher Ee op-
tion.
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can exclude 2V . �1 and 2V & 3.2, which is compatible
with the current bound on 2V 2 [�0.66, 2.89] at 95% C.L. [16].
Considering the feasibility of the concurrent operation of the
HL-LHC and LHeC, two colliders shall play a complementary
role in probing 2V . In terms of the ratio of the cross-section of
the CC VBF production of HH to the SM value, the LHeC with
Ltot = 1 ab�1 and �bg = 10 (50)% can limit �/�SM . 30 (35).

On the other hand, the FCC-he has high potential in probing
both 2V and �. For � 2 [0.1, 2.3] suggested by the HL-LHC
prospect study [3], |2V | & 0.2 is to be excluded by the FCC-he
data with Ltot = 10 ab�1 and �bg = 10%. Two important rea-
sons for this high precision are higher signal cross-section and
similar rejection rates of the SM backgrounds (see Table 2). At
the FCC-he with �bg = 10% (50%), we estimated conservative
bounds on the ratio of the Higgs pair production cross section
to the SM value as follows:
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(orchid), and 10 ab�1 (blue) at the FCC-he. Two choices of the background
uncertainty are considered, �bg = 10% (solid) and �bg = 50% (dashed).

Final comments on the role of higher electron beam energy in
probing the HH process are in order here. Although it is practi-
cal for the LHeC working group to choose Ee = 50 GeV due to
the cost issues, the physics gain from higher Ee is more impor-
tant than anything else. We found that setting Ee = 120 GeV in-
creases the background cross sections by a factor of 2.32 (1.82)
at the LHeC (FCC-he). For the signal cross sections, the en-
hancement factor is 2.1 – 2.7 at the LHeC and 4.4 – 5.9 at the
FCC-he, depending on the values of � and 2V . Assuming sim-
ilar e�ciencies for both the signal and backgrounds to those in
Table 2, we expect that the significance increases by a factor of
1.4 – 1.8 (3.3 – 4.4) at the LHeC (FCC-he). At the FCC-he,
increasing Ee into 120 GeV has almost the same e↵ect as in-
creasing the total luminosity tenfold. We strongly suggest that
the FCC-he working group seriously consider the higher Ee op-
tion.
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Conclusions
• HHVV coupling is challenging to probe at the LHC,  

because of the unknown HHH coupling and the gluon 
fusion pollution.


• The future electron-proton colliders can be better to probe 
the HHVV vertex.


• Full detector simulations show that |𝜅2V|>0.2 can be 
excluded at the FCC-he.
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