
B.Mellado
Wits & iThemba LABS

On behalf of the LHeC/FCC-he Study Group

DIS2024, Grenoble, 10/03/24

Higgs and BSM Physics in ep 
collisions at CERN

  Institute for 

 Collider
   Particle
     Physics
University of the Witwatersrand



2

In Memoriam 



Higgs Boson in ep
qIt is remarkable that VBF 

diagrams were calculated for 
lepton nucleon collisions 
before for pp!

qSmall theoretical uncertainties

qTopological requirements 
effective in background 
suppression

qLarge S/B w.r.t. pp, e.g. in hàbb
expect S/B~1
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At LHC replace
lepton lines by quark lines



Higgs via VBF
Qualitative remarks

qUnlike QCD 
partons that scale 
like 1/PT

2, here 
PT~sqrt(1-x)MW

4

qDue to the 1/x behavior of the Weak boson the 
outgoing parton energy (1-x)E is large forward jets

qAt high PT 

qContribution from longitudinally polarized Weak 
Bosons is suppressed in favor of transversely 
polarized WB at high pT
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Higgs Decay Products

Scattered fermions

Central Jet Veto
h

j

Well-defined prediction of the SM. Kinematics of 
scattered quarks, sensitive to new physics

Pseudo-rapidity of scattered quark
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LHeC, a Higgs Facility 



CDR Updates: Two independent analyses

ICHEP 2014
Master Thesis Ellis Kay, Liverpool 2014, 
PGS “detector” ATLAS-style and & 
modeling of PHP background using low 
Q2  NC DIS

[ after Higgs discovery MH=125 GeV,  Ep=7 TeV, Ee=60 GeV; cut-based & conservative] 

100 fb-1

 1 year of data

Confirmed CDR: S/N>1 
using conservative 
light misID and cut-
based  δμ=2% for 1 ab-1

PGS of LHC detector
+ flat parton-level b-
tagging for |η|<3.0
b: 60%, c: 10%, udsg: 1%
CAL coverage |η|<5.0 
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BDT Results for Higgs @ LHeC

Hbb: Clear sensitivity 
to chosen jet radius; 
rather robust w.r.t. 
vertex resolution in 
range of 5 to 20 μm 

Hcc : High sensitivity to vertex 
resolution (nominal 10 μm) 
and jet radius 
à expect about 400-600 Hcc 
candidates

L=1 ab-1
Pe=-80%

using realistic HFL tagging at Delphes detector level
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Higgs in ep – clean S/B, no pile-up

& Izzy 
Harris BSc

2% PHP
and 2%
other bgd

0.8%

Assuming
ATLAS
light 
jet misID 
efficiencies
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Observe/Exclude non-zero phase to better than 4σ at 
LHeC. Achieve <2% error on kt at the FCC-eh.

Top Yukawa coupling
Introduce phase dependent top Yukawa coupling  

Enhancement of the cross-
section as a function of phase

 0

 5

 10

 15

 20

 25

0 π/5 2π/5 3π/5 4π/5 π

µ

ζt

Ee = 60 GeV

Ee = 120 GeV

B.Coleppa, M.Kumar, S.Kumar, B.M., Phys. Lett. B770 (2017)  335 
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LHeC and HL-LHC Higgs Prospects

2%

HL-LHC prospects using new CMS projections (3ab-1) with two scenarios, S1 and S2, in a 
SM coupling fit

à Amazing prospect for measuring fundamental Higgs couplings to high 
precision (dark blue) at LHC with pp + ep using SM assumptions.

Hcc@pp:    ~2.0-5.5 σSM@HL-LHC
              [HL-LHC Oct 2017]
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SM Higgs Signal Strengths in ep

Uta & Max Klein, Contribution to HL/HE Workshop, 4.4.2018, preliminary.

àNC and CC DIS together over-constrain Higgs couplings in a combined SM fit. 

ZZàH
25 fb
150 fb

WWàH
LHeC  200 fb
FCC-eh  1 pb

Ee=60 GeV

HWW and HZZ signal strengths measured at once in DIS
 via selection of the final state (e or ν)

submitted  to EU strategy  CERN-ACC-Note-2018-0084

M.Klein
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14
Published in book 1 of FCC
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B.Biswal, R.Godbole, S.Kumar, B.M., S.Raychaudhuri 
Phys.Rev.Lett. 109 (2012) 261801
 

Model independent separation of HWW 
and HZZ coupling, unique capability of 
ep collisions, not available in pp and 
e+e- collisions 

Can consider azimuthal angle 
correlation between scattered 
neutrino and quark. Other 
observables can be used too.

Structure of HVV couplings 
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Cross-sections 
in the SM

Considering highly 
asymmetric 
collisions

FCC-eh



17

Also sensitive to 
structure of hhh coupling 

Lambda_HHH 
measured 
within 10-15%

Phys.Lett. B764 (2017) 247-253

FCC-eh



Probing Trilinear coupling via single h prod. 
(LHeC)

18

Results can be significantly improved. Sensitivity will 
help the HL-LHC:

Diagrams sensitive to λhhh

No cuts
10% h acceptance 

K.Wang et al. Phys. Rev. 
D 101, 075036 (2020)

0.5 < k� < 1.5
<latexit sha1_base64="oYbklGEMxREVyrqepNWKCfmuKOU=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwFRK1PqCLohuXFewD2hAmk0k7dDIJMxMhhPorblwo4tYPceffOEmDqPXAwOGce7h3jhdTIqRlfWqVpeWV1bXqem1jc2t7R9/d64ko4Qh3UUQjPvCgwJQw3JVEUjyIOYahR3Hfm17nfv8ec0EidifTGDshHDMSEASlkly9bpnN1tTNRlRlfDhr2WbT1RuWaRUwFoldkgYo0XH1j5EfoSTETCIKhRjaViydDHJJEMWz2igROIZoCsd4qCiDIRZOVhw/Mw6V4htBxNVj0ijUn4kMhkKkoacmQygn4q+Xi/95w0QGF05GWJxIzNB8UZBQQ0ZG3oThE46RpKkiEHGibjXQBHKIpOqrVpRwmePs+8uLpHds2ifmye1po31V1lEF++AAHAEbnIM2uAEd0AUIpOARPIMX7UF70l61t/loRSszdfAL2vsX14uTvg==</latexit>
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BSM Physics



>50 journal papers on BSM with LHeC in recent years

Th
an

ks
 to

 H
ao

 S
un
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Monica D’Onofrio

Dark Photons
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Scalar Portal: Dark Scalar 
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Sterile Neutrinos at ep colliders
O.Fischer



Higgsino search at FCC-eh

Higgsino production
Typical signal: electron + jet + missing energy

C. Han, R. Li, R. Pan, K. Wang, Phys. Rev. D 98, 115003 (2018)

Higgsino: Higgs partner in supersymmetry, 
difficult to probe at the LHC(C. Han et al, JHEP 1402 (2014) 049)

preliminary
result

Higgsino mass (GeV)

Standard model main backgrounds
1% sys.

24



Axion-like particles at future 𝒆!𝒑 collider; Mosala et al 
Eur.Phys.J.C 84 (2024) 1, 44

44 Page 2 of 10 Eur. Phys. J. C (2024) 84 :44

range. The possibility of detecting ALP production through
electro-weak massive vector-boson fusion (VBF) processes
was recently investigated in the future muon collider for ma
O(TeV) and beyond to study the WW , Z Z , Zγ and γ γ cou-
pling constraints [53].

In this work, we investigate the possibility of detecting
ALPs production via VBF processes at future Large Hadron-
electron Collider (LHeC) e− p colliders, focusing on pro-
ducing constraints on possible couplings parameters, gγ γ ,
gWW , gZγ and gZ Z [54,55]. We base our study on LHeC
environment, which employs the 7 TeV proton beam of the
LHC and electrons from an Energy Recovery Linac (ERL)
being developed for the LHeC. The choice of an ERL energy
of Ee = 60(120) GeV with an available proton energy
Ep = 7 TeV would provide a centre of mass energy of√
s ≈ 1.3(1.8) TeV at the LHeC [43,44,56].
This article is organised in following sections: in Sect. 2

model with effective Lagrangian and analysis framework
is explained, a preliminary estimation of ALP production
as a function of ma , coupling(s) and LHeC energies are
explored in Sect. 3, and results using different observable(s)
are explained in Sect. 4. The comparison(s) of ours findings
with existing results are discussed in Sect. 5 and a summary
with discussions are followed in Sect. 6.

2 Model and framework

The interactions of ALPs with gauge bosons and SM
fermions occurs via the dimension five operators, with their
masses considered independently of their respective coupling
strengths [29]. Hence the effective interactions between the
ALPs and the electroweak gauge bosons are represented by
the effective Lagrangian [30,31,57]:

Leff =
1
2
(∂µa)(∂µa) − 1

2
m2

aa
2 + g2CWW

a
fa
W A

µνW̃
µνA

+ g′2CBB
a
fa
Bµν B̃µν, (1)

where Xµν represents the field strength tensor for the SU (2)L
or U (1)Y , X̃µν = 1

2εµναβXαβ with ε0123 = 1 and X ∈
{B,W }. The ALP field and mass are represented by a and
ma , respectively. After electroweak symmetry breaking we
can write the interactions between the ALP and the elec-
troweak gauge bosons (W±, Z , γ ) in terms of dimension-less
couplings gγ γ , gWW , gZγ and gZ Z respectively as:

Leff ⊃ e2 a
fa
gγ γ Fµν F̃µν + 2e2

cwsw

a
fa
gZγ Fµν Z̃µν

+ e2

c2
ws2

w

a
fa
gZ Z Zµν Z̃µν + e2

s2
w

a
fa
gWWWµνW̃µν . (2)

Fig. 1 The branching ratios for the decay modes of a massive ALP,
a → W+W−, γ γ , Z Z and Zγ as a function of its mass ma by keeping
the couplings gi j = 1 and the scale parameter fa = 1 TeV

In terms of Ci j (i, j ≡ γ , Z ,W ), the couplings gi j are given
by

gγ γ = CWW + CBB,

gZγ = c2
wCWW − s2

wCBB,

gZ Z = c4
wCWW + s4

wCBB,

gWW = CWW .

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (3)

where cw and sw are the cosine and sine of the Weinberg
mixing angle θw, respectively. For all studies in this work the
scale parameter is fixed to fa = 1 TeV.

Using the interactions defined in Eq. (2), the relevant decay
widths of ALP are given by

Γ (a → W+W−) ≡ ΓWW

= e4

8π f 2
a s4

w

|gWW |2 m3
a

(

1 − 4
m2

W

m2
a

) 3
2

,

(4)

Γ (a → γ γ ) ≡ Γγγ = e4

4π f 2
a

∣∣gγ γ

∣∣2 m3
a, (5)

Γ (a → Z Z) ≡ ΓZ Z

= e4

4π f 2
a c4

ws4
w

|gZ Z |2 m3
a

(

1 − 4
m2

Z

m2
a

) 3
2

, (6)

Γ (a → Zγ ) ≡ ΓZγ

= e4

2π f 2
a c2

ws2
w

∣∣gZγ

∣∣2 m3
a

(

1 − m2
Z

m2
a

)3

, (7)

where mW and mZ represent the masses of the W± and Z
bosons, respectively. As Γi j is a function of corresponding

123
Case (I)  coupling is set to 1 and others to 0 [solid lines]; and 
Case (II), where all couplings gi j are uniformly set to 1 [dashed]
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Fig. 2 Leading order representative Feynman diagrams at matrix-
element level for single ALP production in (a) CC through W±-fusion
[WW] and NC through (b) γ γ , (c) Z Z [ZZ], and (d) Zγ -fusion [Zγ ] pro-

cesses in deep inelastic electron-proton collisions. A particular decay
of a → γ γ is considered in this study. Here, q, q ′ ≡ u, ū, d, d̄, c, c̄,
s, s̄, or b, b̄

coupling and masses of ALP, in this study we take variable
decay width to find the limits of gi j as a function of ma .
In Fig. 1, the branching ratios for the decay modes a →
W+W−, γ γ , Z Z , and Zγ are plotted as a function of the
mass of the ALP, ma , assuming gi j = 1.

Further, we define following formula to find local signifi-
cance and discovery limits for a given number of signal (S)
and background (B) events at a particular luminosity L , con-
sidering the total statistical and systematic uncertainties δs
as

NSD = S
√
S + B + (δs · S)2 + (δs · B)2

, (8)

where in terms of corresponding cross section of signal
σ (gi j ) and background σSM, S = σ (gi j )·L and B = σSM ·L ,
respectively.

Also to constrain the ALP−gauge coupling gi j , we use
a χ2-analysis both at total cross-section and most sensi-
tive differential-distribution level, where the χ2 definition
is given by

χ2 =
n∑

k=1

(
Nk(gi j ) − NSM

k

∆Nk

)2

. (9)

In this case, Nk(gi j ) represents number events for signal in
kth bin of a distribution of total n bins while NSM

k is the
corresponding background and ∆Nk is defined as:

∆Nk =
√
NSM
k

(
1 + δ2

s N
SM
k

)
. (10)

For our results we consider δs = 5% for a given luminosity
L , and L = 1 ab−1.

3 ALP production in e− p collider

As mentioned in Sect. 1, we are interested to probe ALP-
gauge couplings by direct production of ALP through VBF

processes in e− p collider. In such an environment, using
the interactions defined in Sect. 2 the direct production of
ALP can occur in charged-current (CC) mode through W -
boson fusion as shown in Fig. 2a [WW], and in neutral-current
(NC) mode through γ γ (Fig. 2b), Z Z (Fig. 2c [ZZ]) and Zγ -
fusion (Fig. 2d [Zγ ]), where in particular we have considered
the decay of ALP, a → γ γ (so we keep gγ γ = 1 in all
channels), for a given ma . For all results, the branching ratio
of ALP decay to di-photon Ba→γ γ is taken as function of
ma , considering two cases: Case (I), where the corresponding
channel’s coupling is set to 1 and others to 0; and Case (II),
where all couplings gi j are uniformly set to 1 as depicted
in Fig. 1. Here, we also note that the Zγ -channel cannot be
separated from the γ γ -channel and hence gγ γ ̸= 0; though
for Case (I) we can choose gZ Z = 0.1 Therefore, the notation
Zγ will refer to the effect of considering the channels shown
in Fig. 2b, d (and Fig. 2c in Case (II)), and their interference.

To explore the goals of this study, we first build a
model file for the interactions defined in Eq. (2) using
the package FeynRules [58]. For the generation of
events, we use the Monte Carlo event generator pack-
age MadGraph5_aMC@NLO[59]. Further showering, frag-
mentation and hadronization are done with a customized
Pythia-PGS [60], and the detector level simulation per-
formed with reasonably chosen parameters using Delphes
[61] and jets were clustered using FastJet [62] with the
anti-kT algorithm [63] using the distance parameter, R = 0.4
as explained in Ref. [64]. The factorization and normalization
scales are set to be dynamic scales for both signal and poten-
tial backgrounds. For this study, e− polarization is assumed
to be −80%. The initial requirements on transverse momen-
tum (pT ) and rapidity (η) of jets, leptons and photons are
nominal: p j,e−,γ

T > 10 GeV, |η j,e−,γ | < 5 and no cuts on
missing energy.

With these setups the estimated cross-section of ALP pro-
duction through (a) CC process: e− p → νea j , and (b) NC

1 Important to mention: for ma > mZ , Ba→γ γ < 1 as a → Zγ
channel opens up (Fig. 1); and deviations will become apparent in any
observable for Case (I) vs Case (II).
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Fig. 2 Leading order representative Feynman diagrams at matrix-
element level for single ALP production in (a) CC through W±-fusion
[WW] and NC through (b) γ γ , (c) Z Z [ZZ], and (d) Zγ -fusion [Zγ ] pro-

cesses in deep inelastic electron-proton collisions. A particular decay
of a → γ γ is considered in this study. Here, q, q ′ ≡ u, ū, d, d̄, c, c̄,
s, s̄, or b, b̄

coupling and masses of ALP, in this study we take variable
decay width to find the limits of gi j as a function of ma .
In Fig. 1, the branching ratios for the decay modes a →
W+W−, γ γ , Z Z , and Zγ are plotted as a function of the
mass of the ALP, ma , assuming gi j = 1.

Further, we define following formula to find local signifi-
cance and discovery limits for a given number of signal (S)
and background (B) events at a particular luminosity L , con-
sidering the total statistical and systematic uncertainties δs
as

NSD = S
√
S + B + (δs · S)2 + (δs · B)2

, (8)

where in terms of corresponding cross section of signal
σ (gi j ) and background σSM, S = σ (gi j )·L and B = σSM ·L ,
respectively.

Also to constrain the ALP−gauge coupling gi j , we use
a χ2-analysis both at total cross-section and most sensi-
tive differential-distribution level, where the χ2 definition
is given by

χ2 =
n∑

k=1

(
Nk(gi j ) − NSM

k

∆Nk

)2

. (9)

In this case, Nk(gi j ) represents number events for signal in
kth bin of a distribution of total n bins while NSM

k is the
corresponding background and ∆Nk is defined as:

∆Nk =
√
NSM
k

(
1 + δ2

s N
SM
k

)
. (10)

For our results we consider δs = 5% for a given luminosity
L , and L = 1 ab−1.

3 ALP production in e− p collider

As mentioned in Sect. 1, we are interested to probe ALP-
gauge couplings by direct production of ALP through VBF

processes in e− p collider. In such an environment, using
the interactions defined in Sect. 2 the direct production of
ALP can occur in charged-current (CC) mode through W -
boson fusion as shown in Fig. 2a [WW], and in neutral-current
(NC) mode through γ γ (Fig. 2b), Z Z (Fig. 2c [ZZ]) and Zγ -
fusion (Fig. 2d [Zγ ]), where in particular we have considered
the decay of ALP, a → γ γ (so we keep gγ γ = 1 in all
channels), for a given ma . For all results, the branching ratio
of ALP decay to di-photon Ba→γ γ is taken as function of
ma , considering two cases: Case (I), where the corresponding
channel’s coupling is set to 1 and others to 0; and Case (II),
where all couplings gi j are uniformly set to 1 as depicted
in Fig. 1. Here, we also note that the Zγ -channel cannot be
separated from the γ γ -channel and hence gγ γ ̸= 0; though
for Case (I) we can choose gZ Z = 0.1 Therefore, the notation
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To explore the goals of this study, we first build a
model file for the interactions defined in Eq. (2) using
the package FeynRules [58]. For the generation of
events, we use the Monte Carlo event generator pack-
age MadGraph5_aMC@NLO[59]. Further showering, frag-
mentation and hadronization are done with a customized
Pythia-PGS [60], and the detector level simulation per-
formed with reasonably chosen parameters using Delphes
[61] and jets were clustered using FastJet [62] with the
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With these setups the estimated cross-section of ALP pro-
duction through (a) CC process: e− p → νea j , and (b) NC

1 Important to mention: for ma > mZ , Ba→γ γ < 1 as a → Zγ
channel opens up (Fig. 1); and deviations will become apparent in any
observable for Case (I) vs Case (II).
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k

∆Nk

)2

. (9)

In this case, Nk(gi j ) represents number events for signal in
kth bin of a distribution of total n bins while NSM

k is the
corresponding background and ∆Nk is defined as:

∆Nk =
√
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s N
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k

)
. (10)
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for Case (I) we can choose gZ Z = 0.1 Therefore, the notation
Zγ will refer to the effect of considering the channels shown
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[61] and jets were clustered using FastJet [62] with the
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tial backgrounds. For this study, e− polarization is assumed
to be −80%. The initial requirements on transverse momen-
tum (pT ) and rapidity (η) of jets, leptons and photons are
nominal: p j,e−,γ

T > 10 GeV, |η j,e−,γ | < 5 and no cuts on
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With these setups the estimated cross-section of ALP pro-
duction through (a) CC process: e− p → νea j , and (b) NC
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channel opens up (Fig. 1); and deviations will become apparent in any
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Case (I)  coupling is set to 1 and 
others to 0 [solid lines]; and 

Case (II), where all couplings gi j 
are uniformly set to 1 [dashed]

Overall the limits found in this work 
performs better sensi- tivity for all three 
ALP couplings, namely, gW W , gZ Z and gZ 
γ comparing to available studies in 
different collider scenario, whereby, the 
limits on gγ γ are competitive with respect 
to few cases. In ALP-SMEFT bounds, the 
performance of gZγ is relatively poor. 
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Outlook and Conclusions
qProgress in devising concurrent ep/pp running

qUnique DIS facility at CERN with 1034 instantaneous 
luminosity, opens new horizon for particle physics, 
in particular in the space of precision 
measurements

qCombining pp with ep, turns the LHC into a 
precision machine
qReach  <1%-<2% precision for HL-LHC/LHeC, 
depending on coupling
qCompetitive and complementary to e+e-

qBroad access to Physics Beyond the SM with unique 
opportunities and complementarities
qCompositeness, leptoquarks, anomalous gauge 
couplings, vector leptons, dark sector, heavy neutrinos, 
SUSY, etc… 28


