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Introduction

Characteristic feature of LHC searches for an s-channel 
resonance in gluon fusion: large signal-background interference 
possible above the di-top threshold


Example: 
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Figure 1: BSM Feynman diagrams contributing to the process gg ! tt̄ (for simplicity, the decay
of the produced top quarks, which is taken into account in our analysis, is not shown). The left
diagram contains a top quark loop and scales with the coupling c

2
t , while the right diagram contains

an additional e↵ective agg coupling and scales with c
G̃
ct.

In the following we will investigate the sensitivity of LHC searches in the tt̄ final state
to ALPs and we will analyze di↵erences between an ALP a with c

G̃
6= 0 and a pseudoscalar

Higgs boson A without additional contributions to the gluon coupling besides the one from
the top-quark loop. To this end, we generate Monte Carlo (MC) events of the process
gg ! a/A ! tt̄ ! bb̄`

+
`
�
⌫⌫̄ at leading order (LO) in QCD using the general-purpose

MC generator MadGraph 5 [107]. For the ALP events, we use an adapted version of the
Universal FeynRules Output (UFO) model [108] provided in Ref. [37], which we modified
to explicitly include the quark loop-induced production using a form factor taken from
Ref. [109]. For the pseudoscalar Higgs boson, an in-house UFO model is used.

Events for the SM tt̄ background are generated at next-to-leading order (NLO) in QCD
using the MC generator Powheg [110–113]. The NNPDF 3.1 parton distribution function
(PDF) set [114] is employed for the generation of both the signals and the SM background.
The events are showered and hadronized with the Pythia 8.3 program [115].

To estimate higher-order e↵ects on the event yields, we calculate the cross section for
resonant gg ! A production at NNLO in QCD for a 2HDM pseudoscalar Higgs boson
using the 2HDMC [116] and SusHi [117] programs. We then define a K factor Kres for
the resonant A signal as the ratio of the NNLO cross section to the LO one predicted by
MadGraph. For the A/SM interference signal, we define the K factor as Kint =

p
KresKSM,

where KSM is the SM K factor, which normalises to the NNLO+NNLL SM tt̄ cross section
of 833.9 pb as calculated with Top++ 2.0 [118].6 The same K factors are used for both
the pseudoscalar Higgs boson as well as the ALP with c

G̃
6= 0.

The results for the inclusive tt̄ cross section incorporating the contributions from the
resonant ALP signal and the ALP/SM interference, while the cross section corresponding to
the SM tt̄ background is subtracted, can be seen in Fig. 2 for the two ALP masses and widths
of ma = 400 GeV, �a/ma = 2.5% (left) and ma = 800 GeV, �a/ma = 5.0% (right). The
background-subtracted result �tot

tt̄
��

SM
tt̄

is seen to be negative in a part of the (c
G̃
/fa, ct/fa)

parameter plane. This is due to the destructive interference between the diagrams shown in
Fig. 1 and the SM diagrams contributing to tt̄ production.

Explicitly, the background-subtracted inclusive cross section for the 400 GeV, 2.5% case

6More precise calculations are available only for a CP-even Higgs boson [119].
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Loop function Aɸ(τ) develops imaginary 
part above the threshold 
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Loop function Aɸ(τ)

Interference contribution ~ Im[ Aɸ(τ) ] mɸ Γɸ
4
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Form factors for the contributionsof top quarks

6B;m`2 9XR, h?2 `2�H �M/ BK�;BM�`v T�`ib Q7 i?2 iQT@[m�`F HQQT 7mM+iBQM AΦ
1/2 BM i?2 CP@2p2M

UΦ = HV �M/ CP@Q// Φ = A +�b2bX

9Xk h?2 JQMi2@*�`HQ bQ7ir�`2
6Q` Qm` JQMi2@*�`HQ bBKmH�iBQMb- r2 mb2 J�/:`�T? (dN)X J�/:`�T? Bb �M QT2M@bQm`+2 bQ7ir�`2 mb2/
K�BMHv BM i?2 >B;? 1M2`;v S?vbB+b +QKKmMBiv 7Q` �miQK�i2/ +QKTmi�iBQM Q7 i`22@H2p2H �M/ M2ti@
iQ@H2�/BM; Q`/2` /Bz2`2MiB�H +`Qbb@b2+iBQMbX h?2 J�/:`�T? 7`�K2rQ`F Bb bmBi�#H2 7Q` BMp2biB;�iBM;
aJ �M/ "aJ T?2MQK2MQHQ;vX .Bz2`2Mi +QHHB/2`b +QM/BiBQMb 7Q` i?2 +QHHBbBQMb Q7 T�`iB+H2b Uǳ?�`/
2p2MibǴV �`2 TQbbB#H2X 6Q` 2t�KTH2- i?2 ?�`/ 2p2Mib +�M #2 ;2M2`�i2/ �i � T`QiQM@T`QiQM +QHHB/2`
UG>*VXS`Q+2bb2b +�M #2 bBKmH�i2/ iQ GP �++m`�+v 7Q` �Mv mb2`@/2}M2/ KQ/2HX J�/:`�T? Bb �HbQ
HBMF2/ iQ Svi?B� (3y) �M/ .2HT?2b (3R)X Svi?B� Bb mb2/ 7Q` T�`iQM b?Qr2`BM; �M/ ?�/`QMBx�iBQM-
r?BH2 /2i2+iQ` bBKmH�iBQM +�M #2 T2`7Q`K2/ mbBM; .2HT?2bX AMBiB�HHv- i?2`2 r2`2 irQ #`�M+?2b
Q7 /2p2HQTK2Mi ě QM2 7Q+mb2/ QM �miQK�i2/ iQQHb �i i?2 GP �M/ i?2 Qi?2` 7Q+mb2/ QM LGP
+QKTmi�iBQMbX h?2v �`2 MQr mMB}2/ BM � +QKKQM 7`�K2rQ`F �b J�/:`�T?8n�J*!LGPXR

h?2 BMTmi iQ J�/:`�T? Bb � l6P KQ/2H }H2 i?�i /2b+`B#2b �HH i?2 BMi2`�+iBQMb BM i?2 T?2MQK2MQ@
HQ;B+�H KQ/2H +QMbB/2`2/ �M/ Bi `2HB2b QM JQMi2@*�`HQ i2+?MB[m2b iQ MmK2`B+�HHv BMi2;`�i2 i?2 T?�b2
bT�+2 BMi2;`�HX

9Xj l6P KQ/2H }H2 �M/ ;2M2`�iBQM Q7 2p2Mib
Pm` i�bF MQr Bb iQ BKTH2K2Mi � KQ/2H }H2 i?�i BKTH2K2Mib i?2 irQ �//BiBQM�H "aJ CP@KBt2/
b+�H�`b i?�i +QmTH2 QMHv iQ i?2 iQT [m�`FbX q2 r�Mi iQ bi`2bb i?�i r2 /Q MQi BM+Q`TQ`�i2 i?2 /2+�v
Q7 i?2 iQT [m�`Fb BMiQ Qm` �M�HvbBb 7Q` bBKTHB+BivX h?Bb BKTH2K2Mi�iBQM +�M #2 +�``B2/ Qmi �b �
7mim`2 bi2TX � KQ/2H }H2 BKTH2K2MiBM; QM2 b+�H�`- 2Bi?2` CP@2p2M Q` CP@Q//- bi�i2 rBi? i?2 7mHH
iQT@i`B�M;H2 HQQT BKTH2K2Mi2/ �H`2�/v 2tBbib BM i?2 Tm#HB+ /�i�#�b2 Q7 KQ/2H }H2b (3k)- �M/ i?Bb
KQ/2H }H2 �HbQ +QMbB/2`b #QiiQK@[m�`Fb BM i?2 pB`im�H 72`KBQM HQQTX >Qr2p2`- i?2 BKTH2K2Mi�iBQM
Q7 QM2 Q` KQ`2 CP@KBt2/ b+�H�`UbV rBi? i?2 +QKTH2i2 iQT@HQQT Bb KBbbBM; BM i?2 Tm#HB+ /QK�BMX hQ
i?2 #2bi Q7 Qm` FMQrH2/;2- i?2`2 2tBbib MQ Tm#HB+Hv �p�BH�#H2 KQ/2H }H2 +QMi�BMBM; irQ CP@KBt2/

Rq2 mb2/ J�/:`�T? p2`bBQM jX9Xy 7Q` Qm` JQMi2@*�`HQ bBKmH�iBQMbX

9j

⇒
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Interference patterns for background-subtracted 
cross section, parton level
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T�`iQMB+ H2p2H �b � 7mM+iBQM Q7 i?2 T�`iQMB+ +2Mi2`@Q7@K�bb 2M2`;v 7Q` /Bz2`2Mi K�bb2b #mi � }t2/
/2+�v rB/i? iQ K�bb `�iBQX h?2 `2bmHib 7Q` CP@Q// b+�H�`b �`2 b?QrM �b bQHB/ HBM2b �M/ 7Q` CP@2p2M
b+�H�`b �b /�b?2/ HBM2bX >2`2- ĝ Bb i?2 ?2�pv b+�H�`@iQT +QmTHBM;X

6B;X jXR b?Qrb i?2 THQi 7Q` i?2 iQi�H "aJ +`Qbb@b2+iBQM 7Q` CP@2p2M �M/ CP@Q// b+�H�`b rBi? /Bz2`2Mi
K�bb2b �M/ � }t2/ /2+�v rB/i? iQ K�bb `�iBQ Q7 10WX PM2 MQiB+2b i?2 +?�`�+i2`BbiB+ T2�F@/BT
bi`m+im`2 /m2 iQ � H�`;2 M2;�iBp2 +QMi`B#miBQM +QKBM; 7`QK i?2 bB;M�H@#�+F;`QmM/ BMi2`72`2M+2 i2`K
M2�` i?2 K�bb `2bQM�M+2X JQ`2Qp2`- i?2 �#bQHmi2 p�Hm2 Q7 i?2 iQi�H "aJ +`Qbb@b2+iBQM Bb UKQbiHvV
H�`;2` 7Q` � CP@Q// b+�H�` i?�M 7Q` � CP@2p2M b+�H�` 7Q` i?2 b�K2 K�bb- /2+�v rB/i?- �M/ �#bQHmi2
p�Hm2 Q7 i?2 Φtt̄ +QmTHBM; bi`2M;i?X h?Bb 72�im`2 Bb /m2 iQ i?2 β̂3t Uβ̂t < 1V bmTT`2bbBQM 7Q` � CP@2p2M
b+�H�` +QKT�`2/ iQ i?2 β̂t bmTT`2bbBQM 7Q` � CP@Q// b+�H�`X

6B;X jXk /BbTH�vb i?2 2z2+i Q7 p�`vBM; i?2 /2+�v rB/i? iQ K�bb `�iBQ Q7 i?2 b+�H�` 7Q` � ;Bp2M K�bb
�M/ +QmTHBM; bi`2M;i? QM i?2 iQi�H "aJ +`Qbb@b2+iBQMX PM2 +�M MQiB+2 i?�i �M BM+`2�b2 Q7 i?2 /2+�v
rB/i? iQ K�bb `�iBQ H2�/b iQ � #`Q�/2` /Bbi`B#miBQM r?2`2 /BbiBM+iBp2 72�im`2b HBF2 � ǳb?�`TǴ T2�F@/BT
bi`m+im`2 bKQQi?2M QmiX 6Q` i?Bb `2�bQM r2 rBHH K�BMHv 7Q+mb BM Qm` �M�HvbBb QM /2+�v rB/i? iQ
K�bb `�iBQb i?�i �`2 bK�HH2` i?�M ∼ 10WX

h?2 BKT�+i Q7 i?2 +QmTHBM; bi`2M;i? Q7 i?2 ?2�pv b+�H�` iQ i?2 iQT T�B`b Bb T`2b2Mi2/ BM 6B;X jXj Ui?2
THQi HBM2b �`2 b+�H2/ BM Q`/2` iQ +H2�`Hv /BbTH�v i?2 /Bz2`2Mi b?�T2b Q7 i?2 /Bbi`B#miBQMbVX � H�`;2
+QmTHBM; bi`2M;i? #2ir22M i?2 ?2�pv b+�H�` �M/ i?2 iQT T�B`b U7Q` BMbi�M+2- ĝ = 2 Q` ĝ = 5V rBHH
`2bmHi BM � #v 7�` /QKBM�Mi bB;M�H `2bQM�M+2- r?2`2�b i?2 bB;M�H@#�+F;`QmM/ 2z2+i Bb bm#/QKBM�MiX
h?2B` +QK#BM2/ iQi�H 2z2+i `2b2K#H2b KQ`2 � Tm`2 bB;M�H `2bQM�M+2 i?�M � T2�F@/BT bi`m+im`2X

h?2 THQib BM 6B;bX jXR iQ jXj �`2 bBKBH�` iQ i?2 THQib BM (ke- je) �M/ i?Bb p�HB/�i2b Qm` BKTH2K2Mi�iBQM
�i i?2 T�`iQM@H2p2HX

kk

[H. Bahl, R. Kumar, G. W. ’22]
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Example: H, A → tt search in CMS

6

Overview

6/11

gA/Ht̄t gA/Ht̄t

400 500 600 700 800 900
 [GeV]ttm

3−

2−

1−

0

1

2

 [p
b/

G
eV

]
tt

dm
)

Q
C

D
σ

 - A
σ

d(
A = 0.05mAΓ 100 GeV, × = 4, 6, 8 Am

Total Resonance Interference

Interference)

Invariant mass of the top pair system,

JH
EP

04
(2
02
0)
17
1[
ar
X
iv
:19
08
.0
111
5]

[A. Anuar ’21]

Signal-background interference yields 
peak-dip structure


Analysed using angular correlations of 
the top and anti-top decay products 

Sensitivity to BSM physics in di-top final states
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H, A → tt search in CMS

7

[CMS Collaboration ’19]

Excess in CMS search, compatible with CP-odd Higgs at about 400 GeV⇒
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Excess (3 σ local) in CMS search at about 400 GeV

8
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Good description of A → tt excess at 400 GeV, simultaneously with excess 
at 95 GeV, in models with extended Higgs sectors (N2HDM, NMSSM)

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]
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New ATLAS result

No significant excess at 400 GeV 9

ATLASp
s = 13 TeV, 140 fb-1

A ! tt̄, GA = MA¥5%

Observed 95% CL exclusion
Expected 95% CL exclusion
(±1s and ±2s)
Gtt > Gtotal (unphysical)

(a)

(b) (c)

(d) (e)

Figure 15: Constraints on the coupling strength modifier 6
�CC̄

as a function of <� for different values of the relative
width of the pseudo-scalar �: (a) 5%, (b) 10%, (c) 20%, (d) 30%, (e) 40%. The observed exclusion regions are
indicated by the shaded area. The boundary of the expected exclusion region under the background-only hypothesis
is marked by the dashed line. The surrounding shaded bands correspond to the ±1 and ±2 standard deviation
(±1f,±2f) uncertainty. The hatched area indicates the unphysical region of phase space where the partial width
�(� ! CC̄) is larger than the total width of �.

40

[ATLAS Collaboration ’24]

⇒
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Typical situation in extended Higgs sectors

SM-like Higgs boson at 125 GeV, other Higgs states are significantly 
heavier and close together in mass


CP-conserving case (e.g. 2HDM, …): signals of CP-even Higgs 
boson H and CP-odd Higgs boson A may overlap, but there is no 
interference between the two signal contributions


General case with CP-mixing (e.g. C2HDM, …): mass eigenstates 
differ from the CP eigenstates, large signal-signal interference effects 
possible


 

10
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Case of two BSM states that can mix with each other

Example: extended Higgs sector with two heavy Higgs bosons that 
are CP-mixed states

11
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Signal-signal interference contribution in addition to the interferences 
of both Higgs bosons with the background

⇒
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Simplified model framework

Effective Yukawa couplings with CP-even and CP-odd components

12

Loop-level mixing (complex) between lowest-order states ɸ1, ɸ2 and 
loop-corrected mass eigenstates ha, hb

13 

● In our case,  gg  � Φ  tt,�

Z-factors can 
be complex 

numbers

(apparent) 
Complex Yukawa-
coupling modifiers

Additional phases!
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Loop-corrected masses: poles of the propagators

Mixing between two Higgs bosons:

13

Electroweak symmetry breaking and physics of extended Higgs sectors, Georg Weiglein, KSETA Lectures, Karlsruhe, 02 / 2024

Mass of an unstable (elementary) particle

176

Mass of an unstable (elementary) particle
For an unstable particle:
Σ(M2) is complex ⇒ Pole in the complex plane

M2 −m2 + Σ(M2) = 0, M2 = M2 − iMΓ

M : physical mass, Γ: decay width of the unstable particle

⇒ The mass of an unstable (elementary) particle is defined
according to the real part of the complex pole

Example:
resonant production
of the Z boson and its decay
(point-like particle!) 10
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Determination of the Higgs masses from the 
complex poles

Determination of the masses from
the complex poles
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Different patterns possible for the total result 
14

[H. Bahl, R. Kumar, G. W. ’24]

⇒

Total result for (signal − background)

Total result

Signal-signal 
interference

Idealised case, no experimental smearing:
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High discrimination power for chel > 0.6, good agreement with 
CMS analysis 15

⇒Figure 3: Di↵erential distribution in mtt̄ for the SM (top) and for a pseudoscalar Higgs boson
with mA = 400 GeV, 4.0% width and a coupling strength of gAtt̄ = 0.9, where the SM background
has been subtracted (bottom). The left plot shows the distribution inclusive in the variable chel,
while the right plot shows it after selecting only events with chel > 0.6. Our smeared prediction
(blue) is compared to the CMS simulation taken from [74] (red). All predictions are shown for an
integrated luminosity of 35.9 fb�1. The gray bands show the expected statistical uncertainty from
the SM tt̄ background.

In order to account for the finite detector resolution we apply a Gaussian smearing with a
standard deviation of � = 15% on mtt̄ . The magnitude of the smearing was extracted from a
fit of the smeared generator predictions to both the SM tt̄ background and the pseudoscalar
Higgs-boson signal after the full detector simulation in Ref. [74]. A comparison between
our mtt̄ distribution prediction and the CMS simulation is shown in Fig. 3. Note that we
perform this comparison for �a/ma = 4% as distributions for lower values of the relative
width are not displayed in Ref. [74]. In the left panel, we show the distribution inclusive in
chel. In the right panel, we show the distribution after the cut chel > 0.6, highlighting the
discrimination power of this variable. We will employ this cut for the rest of our analysis.
While some discrepancy for the signal can be seen for the case of the (less sensitive) chel-
inclusive prediction, the distributions agree rather well with each other for chel > 0.6. For the
SM background, some di↵erences are present just above the tt̄ threshold, which are expected
to result from the details of the tt̄ reconstruction in the experimental analysis.

We further approximate the experimental acceptance and e�ciency for both signal and tt̄

background as 10.6% before the chel requirement based on the numbers reported by CMS [74].
This acceptance is defined as the fraction of tt̄ ! bb̄`

+
`
�
⌫⌫̄ events (` being electrons, muons

or leptonically decaying taus) that pass all triggers and analysis cuts and contribute to the

11

Impact of helicity variable chel: [A. Anuar,                    
A. Biekötter,           
T. Biekötter,           
A. Grohsjean,        
S. Heinemeyer,              
L. Jeppe,              
C. Schwanenberger,        
G. W. ’24]

Comparison with expected LHC sensitivity
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In the following analysis: comparison with the experimental 
sensitivity at Run 3 of the LHC using the results from 
⇒

Generator-level analysis, 15% Gaussian smearing 

18 

Prospects at the LHC

● Grey band  statistical uncertainty band, calculated from �
the square root of the expected SM top anti-top 

background events at NLO in QCD

● Branching ratio of the heavy scalar into leptons: ~11%

● Smearing of 15% and Acceptance of 6.5% to match the 

most sensitive helicity bin in the published CMS analysis 

(and also in comparison with results from 2404.19014)

● For the results shown in this presentation, the Monte-

Carlo simulation events are scaled to the expected 

number of events at 300 fb-1 integrated luminosity and 

13 TeV center of mass energy

● K-factors applied; 1.6 for the QCD background, ~2.5 for 

the signal process, and geometric mean for the K-factors 

of interference process 2404.19014

[A. Anuar et al. ’24]
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Comparison with the sensitivity at Run 3 of the LHC 
Example: two CP-mixed states at ≈620 GeV

Signal-signal interference effects can have large impact on distribution
17

20 

Dependence on the sign of the Yukawa-coupling modifiers. 
Determining/Fitting the loop-corrected mass could be challenging.

M(S1) = 607 GeV
M(S2) = 635 GeV⇒

Total result

Signal-signal 
interference
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C2HDM example: two CP-mixed states at ≈600 GeV

Total result resembles shape for a single particle at lower mass         
Highest sensitivity in the region just above the tt threshold! 18

Result for BP 3 of 
[H. Bahl, R. Kumar, 
G. W. ’24]

[P. Basler, S. Dawson, C. Englert, M. Mühlleitner ’20]

⇒

Total result
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21 

The two signal resonances nearly cancel the large destructive signal-signal 
interference. Interpretation of one scalar at 420 GeV? That would be wrong!

M(S1) = 550 GeV
M(S2) = 573 GeV

``Nightmare scenario’’ with large destructive signal-
signal interference

Experimental results can be difficult to interpret!
19

[H. Bahl, R. Kumar, G. W. ’24]

⇒

Total result

Signal-signal 
interference
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Production of BSM Higgs bosons (or other scalar particles) in    
di-top final state: high sensitivity, large signal-background 
interference contributions


If the BSM states can mix with each other (typical situation in 
extended Higgs sector with additional source of CP violation): 
additional signal-signal interference contributions, can be 
very large


Comparison with the sensitivity at Run 3 of the LHC: 
interference patterns can mimic the case of a single new 
particle or give rise to unexpected shapes; ``nightmare’’ 
scenarios possible; highest sensitivity in the region just above 
the tt threshold


Experimental results may be difficult to interpret! 20

Conclusions

⇒
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Backup

21
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20

Combined interpretation of excesses at 400 GeV (tt) + 95 GeV

N2HDM, type II:

22

The A → tt excess at 400 GeV and the CMS 𝛾𝛾 and LEP excesses at    
about 95 GeV can be described very well simultaneously!

⇒

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]
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Systematic uncertainties: impact of variation of 
top-quark mass by ±1 GeV 

Variation of mt can 
mimic peak-dip-like 
structure as 
expected from a 
signal


Effects expected to 
be smaller in 
experimental 
analysis 

23

⇒

Figure 4: Left: The e↵ect of a top-quark mass variation of ±1 GeV in the SM tt̄ background
(green and blue lines; the central value is indicated by the black line in the upper plot, all displayed
SM curves are normalized such that they yield the same total cross section) compared to the e↵ect
of a pseudoscalar Higgs boson with mA = 400 GeV, 4% width and gAtt̄ = 0.9 (red dashed line).
The gray band in the lower plot, where the SM background has been subtracted, indicates the
statistical uncertainty for an integrated luminosity of 35.9 fb�1. Right: The expected significance
for the pseudoscalar Higgs boson as a function of its coupling gAtt̄ for the full set of systematic
uncertainties, the full set except for the top-quark mass uncertainty, and for the case where only
statistical uncertainties are taken into account. The expected significance reported by CMS for
gAtt̄ = 0.9 is shown as the red star.

mass is likely overestimated in our setup, and we will consider our results both including
and excluding the uncertainty stemming from the top-quark mass in the following.

In order to compute expected significances and limits including the systematic uncertain-
ties, we perform hypothesis tests based on a binned profile likelihood fit with the package
pyhf [122, 123]. The expected number of events (SM background, resonant ALP production,
and ALP–SM interference) in each bin of the di↵erential distribution in mtt̄, as shown in
Fig. 3, can be parameterized as a polynomial in the two ALP couplings ct/fa and c

G̃
/fa.

With this, we define the likelihood

L(ct, cG̃, ✓j) =
Y

i

Poisson(Nobs
i
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pred
i

(ct, cG̃, ✓j))⇥
Y

j

p(✓j) , (17)

where N
obs
i

is the observed number of events in bin i, Npred
i

is the predicted number of
events for given values of the couplings, and ✓j are nuisance parameters encoding di↵erent
theory-based systematic uncertainties as discussed above along with their corresponding prior
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