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q Top Quark: A Unique Probe

o Heaviest Standard Model particle (𝑚! ≈ 173 GeV)
o Strongly coupled to the Higgs (𝑦! ≈ 1) → sensitive to 

EWSB
o Decays before hadronizing → preserves spin info
o Potential window to new physics: compositeness, top 

partners, etc.

q Top-quark Coupling: A Key Vertex

§ Direct probe of top-quark electroweak interactions
§ Sensitive to BSM eKects via anomalous couplings 

(vector, axial, dipole)
§ AKects Higgs production, EW symmetry, and top-

quark compositeness
§ Complementary to 𝑊𝑡𝑏, 𝑡 ̅𝑡𝑉	(𝑉 = 𝛾, 𝑍, ℎ), and EFT 

global fits..

𝑡 → 𝑊"𝑏 ̅𝑡 → 𝑊#	5𝑏 ;	𝑊± → ℓ±𝜈ℓ/𝑗𝑗

Mukesh Kumar, University of the Witwatersrand 1



q Why 𝒆#𝒑 Collider for 𝒕𝒕̅𝜸?

Ø Clean initial state (lepton-proton) → reduced QCD background
Ø Enhanced sensitivity to neutral current processes
Ø Direct access to 𝑒#𝑝 → 𝑡 ̅𝑡𝑒# via 𝛾	exchange OR photo-

production: 𝛾𝑝 → 𝑡 ̅𝑡
Ø Less ambiguous interpretation than 𝑝𝑝; polarized beams 

possible
Ø Ideal for disentangling EFT operators in 𝑡 ̅𝑡𝛾	vertex

Mukesh Kumar, University of the Witwatersrand 2

The interaction for the 𝑡 ̅𝑡𝛾 vertex is:
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Abstract on tt̄� couplings...

I. INTRODUCTION

Something introductory here...

II. FORMALISM

The Lagrangian for the tt̄� vertex is taken as [1]:

Ltt̄� = �eQtt̄�
µ(1+�CV )tAµ�et̄

i�µ⌫q⌫
mt

(dV + idA)tAµ,

(1)
which includes the SM coupling and higher order cou-
plings dV and dA. We also consider the precision with
which we can measure the SM coupling in e�p colliders
through the parameter �C1V .

In terms of the Wilson Coe�cients, the high order cou-
plings dV and dA can be written as

dV =

p
2vmt

e⇤2
Re

⇥
cWCuB + sWCuW

⇤

dA =

p
2vmt

e⇤2
Im

⇥
cWCuB + sWCuW

⇤

9
>>=

>>;
, (2)

III. SIGNAL AND BACKGROUND

Signal and background...

TABLE I. Cross sections � in fb for the process �p ! e�tt̄ in
the semileptonic, hadronic, and di-leptonic final states. The
first row shows the SM prediction. The remaining rows cor-
respond to new physics scenarios where one tt̄Z coupling is
set to = 0.5 while the other three couplings are fixed to zero.
Note that SM–new physics interference is included in all cross
section estimates.

Coupling Semi-leptonic Hadronic Di-leptonic
SM signal 4.39 6.60 0.73

�C1V = 0.5 5.54 8.33 0.92
�C1A = 0.5 9.34 14.1 1.56

C2V = 0.5 7.06 10.6 1.18
C2A = 0.5 7.16 10.8 1.19

IV. SENSITIVE OBSERVABLES

V. RESULTS

A. Di-leptonic final state

[1] J. A. Aguilar-Saavedra, Nucl. Phys. B 812, 181 (2009),
arXiv:0811.3842 [hep-ph].
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Cross section(s) studies:



Cross section(s) studies in photo-production: 𝛾𝑝 → 𝑡 ̅𝑡 [semi-leptonic top-decay]

Mukesh Kumar, University of the Witwatersrand 4
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Cross section(s) studies: photo-production: 𝛾𝑝 → 𝑡 ̅𝑡 [hadronic & di-leptonic top-decay]
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Significance studies:

𝑁&' = 𝑆/ 𝑆 + 𝐵 + 𝛿( ⋅ 𝑆 ) + 𝛿( ⋅ 𝐵 )

Mukesh Kumar, University of the Witwatersrand 6
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TABLE II. Cutflow for the SM signal and dominant backgrounds normalized to the luminosity L = 50 (1000) fb�1, and assuming
a b-tagging e�ciency of 70% for the di-leptonic and semi-leptonic final states. The optimized selection cuts considered are: (a)
150 GeV < mbjj < 200 GeV, and mb`+/b̄`� < 170 GeV for the semi-leptonic final state, and (b) mb`+/b̄`� < 170 GeV for the
di-leptonic final state. The local significance NSD with a systematic uncertainty of �s = 5% for the SM signal and backgrounds
is shown in the last row.

Di-leptonic Semileptonic (`�) Semileptonic (`+)
Generation level Optimized Generation level Optimized Generation level Optimized

SM signal 75.3(1505.3) 64.4(1288.8) 226.3(4526.2) 193.6(3872.9) 226.1(4521.1) 193.9(3877.1)
Background 44.3(886) 7.73(154.8) 135(2699.4) 14.8(296) 134.6(2691.3) 15.5(310.7)
NSD 6.4(15) 7.1(17.1) 9.8(16.3) 11.1(18.9) 9.8(16.4) 11.1(18.9)

(a) (b) (c) (d)

FIG. 2. Representational Feynman diagrams at Leading-Order for the photo-production process �p ! tt̄: (a) the SM contri-
bution, and (b) the contribution from the BSM tt̄� couplings. Panels (c) and (d) shows the SM contribution mediated by the
� and Z bosons and the new physics contributions for the tt̄� vertex, respectively, for the e�p ! e�tt̄ process.

photo-production: 𝛾𝑝 → 𝑡 ̅𝑡 [di-leptonic & semi-leptonic top-decay]



Sensitive Observable(s): 
photo-production: 𝛾𝑝 → 𝑡 ̅𝑡 [di-leptonic top-decay]
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FIG. 4. The �2 distributions obtained from the un-normalized ��e� `± distribution, used as a sensitive observable for individual
tt̄Z coupling parameters. The comparison is shown for the inclusive (sky-blue) and differential (black) cases, where the former
corresponds to a single-bin (integrated) analysis and the latter to a multi-bin (n-bin) analysis. The results are presented for
p
s ⇡ 1.3 TeV and L = 50 fb�1, using a threshold of �2 = 4 to indicate the 95% confidence level, assuming �s = 5%.

leptons or jets originating from the top or anti-top quark
decay are sensitive to new physics effects in the tt̄Z cou-
plings. These correlations provide a promising avenue to
probe deviations from the SM through kinematic observ-
ables constructed from final-state momenta. As shown in
Figure 3, the observable ��e� `± defined as the azimuthal
angle difference between the scattered electron and the
lepton originating from the top (`+) or anti-top quark
(`�) decay exhibits notable sensitivity to deviations in
the tt̄Z couplings, compared to other possible kinematic
pairings. We further exploit this sensitivity by performing
a �2 analysis on the corresponding differential distribu-
tions, considering both one-bin and multi-bin strategies

to extract bounds on the BSM parameters. As noted in
Ref. [35], the one-bin (inclusive) �2 analysis evaluates the
total cross section summed over all bins, thus providing an
overall measure of deviations. In contrast, the multi-bin
(differential) analysis retains the shape information of the
distribution, allowing for a bin-by-bin comparison with
the background and yielding improved sensitivity to the
BSM couplings through their distinct kinematic behavior.

The �2 is defined as

�2 =
nX

k=1

✓
�BSM
k (Ci)� �exp

k

��k

◆2

, (11)
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where �BSM
k (Ci) denotes the predicted cross section in

the presence of BSM couplings Ci, and �exp
k represents

the SM expectation in the kth bin of a distribution with n
total bins. In this analysis, we consider only the SM signal
as the expected distribution, i.e., �exp

k = �SM
k . The effect

of including background contributions is discussed later in
the conclusion section. The uncertainty ��k incorporates
both statistical and systematic contributions at a given
integrated luminosity L, and is given by

��k =

s
�SM+Bkg
k

L
+
⇣
�s�

SM+Bkg
k

⌘2
. (12)

We assume a systematic uncertainty of �s = 5% in our
analysis.

The dependence of the inclusive and differential
cross sections on the BSM couplings introduced in
Lagrangian (2) can be modeled as a quadratic func-
tion [30, 35, 39, 40]:

�BSM(Ci) = �SM +
X

i

CiAi +
X

i,j

CiCjBij , (13)

where Ai denoting the linear coefficients arising from
SM–EFT interference, and Bij representing the quadratic
contributions purely from EFT operators. Based on this
formalism, we present the results from both one-parameter
and two-parameter scans in the following subsection. Note
that the limits at ATLAS and CMS presented in section II
are obtained from quadratic fits analogous to eq. (13),
under the assumption that each parameter is varied inde-
pendently.

A. One-parameter analysis

To probe the sensitivity of individual BSM couplings at
the LHeC, we begin with a one-parameter analysis, where
a single coupling Ci is varied and all others are fixed to
zero. This provides a baseline estimate of the reach and
helps isolate the impact of each parameter on the tt̄Z pro-
duction process. Figure 3 shows the normalized ��e�,`±

distributions for selected benchmark scenarios. Panels
(a) and (b) illustrate cases with Ci = 0.5, highlighting
deviations from the SM induced by individual couplings.

We then quantify the statistical sensitivity using a �2

analysis, defined in eq.(11), with predicted cross sections
obtained from eq.(13). The un-normalized ��e� `± dis-
tribution serves as the sensitive observable. Two analysis
strategies are employed: the inclusive case, which uses
the integrated cross section (single-bin), and the differ-
ential case, which utilizes the full distribution across n
bins. The resulting �2 distributions are shown in Figure 4
for

p
s ⇡ 1.3 TeV and L = 50 fb�1, with a threshold of

�2 = 4 corresponding to the 95% C.L.
In the inclusive analysis, the �2 distributions exhibit

degeneracies with no unique global minima for all BSM
parameters. This behavior originates from the quadratic

(a)

(b)

FIG. 5. Projected 95% C.L. constraints on the individual BSM
couplings as a function of the integrated luminosity, ranging
from 10 fb�1 to 1000 fb�1, obtained from the one-parameter
analysis using the differential-level (multi-bin) approach, as-
suming �s = 5%. The results illustrate the improvement in
sensitivity with increasing luminosity.

terms
P

i,j CiCjBij in eq. (13), which can cause multiple
coupling values to produce similar total cross sections,
thereby obscuring distinct parameter determination. The
interference terms, linear in Ci and represented by Ai, are
insufficient in the inclusive case to break these degenera-
cies. These observations are consistent with the features
of the total cross section shown in Figure 2.

By contrast, the differential analysis leverages the full
shape information of the un-normalized ��e� `± distribu-
tion, which is more sensitive to subtle changes in the cou-
pling parameters. This additional sensitivity effectively
lifts the degeneracies present in the inclusive approach
for parameters such as �C1V , �C1A, and C2A, providing
well-defined minima in the �2 profiles. Furthermore, the
sensitivity breaks the bifurcated structure in �C1V and
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The dependence of the inclusive and differential 
cross sections on the BSM couplings can be 
modelled as a quadratic function: 
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Abstract on tt̄� couplings...

I. INTRODUCTION

Something introductory here...

II. FORMALISM

The Lagrangian for the tt̄� vertex is taken as [1]:

Ltt̄� = �eQtt̄�
µ(1+�CV )tAµ�et̄

i�µ⌫q⌫
mt

(dV + idA)tAµ,

(1)
which includes the SM coupling and higher order cou-
plings dV and dA. We also consider the precision with
which we can measure the SM coupling in e�p colliders
through the parameter �C1V .

In terms of the Wilson Coe�cients, the high order cou-
plings dV and dA can be written as

dV =

p
2vmt

e⇤2
Re

⇥
cWCuB + sWCuW

⇤

dA =

p
2vmt

e⇤2
Im

⇥
cWCuB + sWCuW

⇤

9
>>=

>>;
, (2)

III. SIGNAL AND BACKGROUND

Signal and background...

TABLE I. Cross sections � in fb for the process �p ! e�tt̄ in
the semileptonic, hadronic, and di-leptonic final states. The
first row shows the SM prediction. The remaining rows cor-
respond to new physics scenarios where one tt̄Z coupling is
set to = 0.5 while the other three couplings are fixed to zero.
Note that SM–new physics interference is included in all cross
section estimates.

Coupling Semi-leptonic Hadronic Di-leptonic
SM signal 4.39 6.60 0.73

�C1V = 0.5 5.54 8.33 0.92
�C1A = 0.5 9.34 14.1 1.56

C2V = 0.5 7.06 10.6 1.18
C2A = 0.5 7.16 10.8 1.19

IV. SENSITIVE OBSERVABLES

V. RESULTS

A. Di-leptonic final state

[1] J. A. Aguilar-Saavedra, Nucl. Phys. B 812, 181 (2009),
arXiv:0811.3842 [hep-ph].
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TABLE I. Cutflow for the SM signal and dominant backgrounds normalized to the luminosity L = 50 (1000) fb
�1

, and assuming

a b-tagging e�ciency of 70% for the di-leptonic and semi-leptonic final states. The optimized selection cuts considered are: (a)

150 GeV < mbjj < 200 GeV, and mb`+/b̄`� < 170 GeV for the semi-leptonic final state, and (b) mb`+/b̄`� < 170 GeV for the

di-leptonic final state. The local significance NSD with a systematic uncertainty of �s = 5% for the SM signal and backgrounds

is shown in the last row.

Di-leptonic Semileptonic (`�) Semileptonic (`+)

Generation level Optimized Generation level Optimized Generation level Optimized

SM signal 75.3(1505.3) 64.4(1288.8) 226.3(4526.2) 193.6(3872.9) 226.1(4521.1) 193.9(3877.1)

Background 44.3(886) 7.73(154.8) 135(2699.4) 14.8(296) 134.6(2691.3) 15.5(310.7)

NSD 6.4(15) 7.1(17.1) 9.8(16.3) 11.1(18.9) 9.8(16.4) 11.1(18.9)

(a) (b) (c) (d)

FIG. 2. Representational Feynman diagrams at Leading-Order for the photo-production process �p ! tt̄: (a) the SM contri-

bution, and (b) the contribution from the BSM tt̄� couplings. Panels (c) and (d) shows the SM contribution mediated by the

� and Z bosons and the new physics contributions for the tt̄� vertex, respectively, for the e�p ! e�tt̄ process.

TABLE II. The 95% C.L. intervals for the BSM coupling parameters dV and dA, and SM correction term �CV , with ⇤ = 1 TeV,

extracted from a multi-bin �2
analysis of the �� distributions. Assuming �s = 5%, results from the one-parameter analysis

are shown for L = 50 fb
�1

and 1000 fb
�1

.

Di-leptonic Semileptonic (`�) Semileptonic (`+)

Coupling 50 fb
�1

1000 fb
�1

50 fb
�1

1000 fb
�1

50 fb
�1

1000 fb
�1

�C1V [-0.206, 0.195] [-0.132, 0.128] [-0.152, 0.146] [-0.123, 0.119] [-0.153, 0.147] [-0.125, 0.121]

dV [-0.316, 0.323] [-0.284, 0.291] [-0.189, 0.185] [-0.170, 0.166] [-0.185, 0.187] [-0.167, 0.168]

dA [-0.111, 0.156] [-0.092, 0.119] [-0.041, 0.046] [-0.034, 0.037] [-0.042, 0.047] [-0.034, 0.038]
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which includes the SM coupling and higher order cou-
plings dV and dA. We also consider the precision with
which we can measure the SM coupling in e�p colliders
through the parameter �C1V .
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TABLE I. Cross sections � in fb for the process �p ! e�tt̄ in
the semileptonic, hadronic, and di-leptonic final states. The
first row shows the SM prediction. The remaining rows cor-
respond to new physics scenarios where one tt̄Z coupling is
set to = 0.5 while the other three couplings are fixed to zero.
Note that SM–new physics interference is included in all cross
section estimates.
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section estimates.

Coupling Semi-leptonic Hadronic Di-leptonic
SM signal 4.39 6.60 0.73

�C1V = 0.5 5.54 8.33 0.92
�C1A = 0.5 9.34 14.1 1.56

C2V = 0.5 7.06 10.6 1.18
C2A = 0.5 7.16 10.8 1.19

IV. SENSITIVE OBSERVABLES

V. RESULTS

A. Di-leptonic final state
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Conclusions and way forward:

v The differen<al analysis is used to probe the sensi<vity of couplings in SM as well as BSM in the photo-
produc<on mode for di-leptonic and semi-leptonic decay channels. 

v As the integrated luminosity increases from 50 D-1 to 1000 D-1, the bounds on ∆C1V improve by ~35% in the di-
leptonic channel, and ~18% in the semi-leptonic channel,

v The bounds on dV improve by ~10% for both decay channels when moving from 50 D-1 to 1000 D-1, while dA 

improves by ~21% and ~18.5% for the di-leptonic and semi-leptonic channels respec<vely.

v Compared to previous constraints as outlined in arXiv:1308.5634 obtained for LHeC @ 100 D-1, our constraints 
on dV are ~84% <mes wider for the di-leptonic channel at both  50 D-1  and 1000 D-1 luminosi<es.

v In the semi-leptonic channel, our bounds on dV are ~70% wider than the LHeC results for both luminosi<es. 
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Conclusions and way forward:

v On the hand, our constraints on dA are more stringent than the ones reported for LHeC @ 100 D-1.

v At the integrated luminosity of 50 D-1, our limits are ~50% and 360% <ghter than the LHeC limits for the di-
leptonic channel and semileptonic channel respec<vely. 

v At 1000 D-1, the limits on dA are ~90% and ~460% <ghter than the LHeC limits @100 D-1 luminosity for the di-
leptonic and semi-leptonic channels respec<vely.

v The study is currently in the preliminary stage and further inves<ga<on are underway.

v Various other observables such at the spin correla<on and asymmetry of the top quarks are currently under 
considera<on in order to improve the constraints on the coupling parameter.

v Correla<on among the coupling parameters is under inves<ga<on (Correla<on Matric). 

Thank you!
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