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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
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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
3
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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`
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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
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Interference patterns for background-subtracted 
cross section, parton level
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[H. Bahl, R. Kumar, G. W. ’22]



ALPs vs. CP-odd Higgs bosons, Georg Weiglein, SUSY 2024, Madrid, 06 / 2024

Example: H, A → tt search in CMS

5

Overview
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[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

6

[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

7
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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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Figure 7: The µCMS–µLEP plane for the points of the low tan — scan in the type II of the N2HDM. The
black ellipse indicates the 1‡ region of ‰
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96 with its center marked with a black cross. The best-fit point

is highlighted with a magenta star. The colors of the points indicate ‰
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in the left plot and �‰
2
125 in the

right plot.
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Figure 8: cAtt̄ in dependence of tan —. The colors of the points indicate the values of �A/mA in % (left)
and the values of mH± (right). The dashed horizontal lines indicate the best-fit values of cAtt̄ for di�erent
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20

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

N2HDM, type II:

8

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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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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Sensitivity to the BSM nature of a possible signal

10

Is there sensitivity for distinguishing a CP-odd Higgs from an ALP?


Axion-like particles (ALPs):

21.08.2023 Distinguishing ALPs and additional Higgs bosons in tt final states | Laurids Jeppe 2

Why ALPs?
■ Strong CP problem: no observation of 

CP violation in QCD although it would 
be allowed from first principles

■ Solved by axions – BSM particles 
that exhibit U(1) shift symmetry

■ In general: axion-like particles  = 
particles with the same symmetry

▫ Arise in many high-energy theories

▫ Promising candidates for dark matter  
or dark matter mediators

CP-violating!
Obs.: θ < 10-10

Promote to particle: θ → a
Absorb CP-violating term in

Here: heavy axion-like particles at the LHC (not dark matter candidates)

[L. Jeppe ’23]
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Coupling to top quarks like for CP-odd Higgs, but 
additional effective coupling to gluons

11

21.08.2023 Distinguishing ALPs and additional Higgs bosons in tt final states | Laurids Jeppe 4

ALPs → tt at the LHC 
■ ALP couplings: photons, EW bosons, gluons, massive fermions

■ Produce at the LHC via gluon fusion

■ If ma > 2mt : decay to top quarks → interferes with SM final state:

usual models: Yukawa-like ~ mf

ALP

O(ma) ≈ mt 
→ top quark loop explicitly 

considered

Explicit gluon coupling -
physics at high scales 

integrated out

SM

+ + + ...

[L. Jeppe ’23]

Effective ALP Lagrangian:

c
W̃

= c
B̃
= 0 and cd = cL = ce = 0. Rewriting the ALP couplings to up-type quarks yields

Lup =
ia

fa
Q̄LH̃ (YU cu � cQ YU) uR + h.c.

=
ia

fa
q̄H̃

�
c
33
u
� c

33
Q

�
Yt tR + h.c. + . . .

= ct
ia

fa
q̄H̃ Yt tR + h.c. + . . . , (3)

where Yt is the top-quark Yukawa coupling, we have defined ct ⌘ c
33
u
� c

33
Q
, and the ellipsis

refers to terms involving first and second generation quarks. Moreover, tR is the right-handed
top-quark spinor, and the left-handed top- and bottom-quark spinors are contained in the
SU(2) doublet q = (tL, bL)T . With these simplifications, we finally obtain the following form
of the ALP Lagrangian

L = LSM +
1

2
(@µa)(@

µ
a) +

m
2
a

2
a
2
�

a

fa
c
G̃
G

a

µ⌫
G̃

aµ⌫ + ict
a

fa

⇣
q̄ Yt H̃ tR + h.c.

⌘
, (4)

which we will use for our analysis below. This form of the Lagrangian facilitates the com-
parison with other models including pseudoscalars. One of the primary aims of the present
paper is to investigate the potential to distinguish between an ALP with generic e↵ective
couplings to the top quark and gluon from a state which only couples to gluons e↵ectively
via a top quark loop, i.e. for which c

G̃
= 0. As already stated above, we denote this second

scenario pseudoscalar Higgs boson in order to distinguish it from the generic case. In order to
facilitate the comparison with the CMS analysis of Ref. [74], we repeat here the considered
Lagrangian (using the notation of Ref. [74]):

LA =
1

2
(@µA)(@

µ
A) +

m
2
A

2
A

2 + igAtt̄

mt

v
t̄�5 t A , (5)

wheremt = vYt/
p
2 is the top-quark mass, and v ⇡ 246 GeV denotes the vacuum expectation

value of the Higgs field. Comparing Eqs. (4) and (5) after EW symmetry breaking, we find
that the two expressions are equal to each other for

c
G̃
= 0 , ct = gAtt̄

fa

v
. (6)

Furthermore, in order to compare to recent work presented in the derivative basis [56], we
note that for the considered case where the ALP couples only to gluons and top quarks the
gluon couplings in Eqs. (1) and (2) are related by [49]

c
G̃
= cG +

↵s

8⇡
ct , (7)

where ↵s denotes the QCD coupling. In particular, a model in which the ALP couples
exclusively to the top quark via a derivative coupling, cG = 0, corresponds to the case
c
G̃
= ↵s/(8⇡)ct in the notation adopted in our paper. We refer to this scenario as top-philic

to facilitate the comparison with Ref. [56].

6

ALP couplings
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Background-subtracted cross section

Large interference effects 12

[A. Anuar, A. Biekötter, T. Biekötter, A. Grohsjean, S. Heinemeyer, L. Jeppe,                  
C. Schwanenberger, G. W. ’24]

⇒Figure 2: The background-subtracted inclusive pp ! tt̄ cross section, including resonant pp ! a

production and ALP/SM interference, �
tot
tt̄

� �
SM
tt̄

, is shown in the plane of the ALP couplings
c
G̃
/fa and ct/fa for di↵erent ALP masses and relative widths of 400 GeV and 2.5% (left) as well

as 800 GeV and 5.0% (right). Negative values of ct are not shown as the cross section is symmetric
under the sign change of both ct and c

G̃
, see Eq. (14).

can be parameterized as

�
tot
tt̄

� �
SM
tt̄

=

(
⇥
0.109c4

t
+ 22.3c3

t
c
G̃
+ 1960c2

t
c
2
G̃

⇤✓TeV

fa

◆4

�
⇥
1.20c2

t
+ 97.2ctcG̃

⇤✓TeV

fa

◆2
)

pb . (14)

Note the symmetry of the the cross section under the sign change of both ct and c
G̃
.

Following the CMS search for a heavy pseudoscalar Higgs boson [74], we discriminate the
signal and background events based on two variables, the invariant mass of the tt̄ system,
mtt̄, and the spin correlation variable chel. The latter is defined as

chel = cos' = ˆ̀+ · ˆ̀� , (15)

where ' denotes the angle between the directions of flight ˆ̀+ and ˆ̀� of the two leptons,
defined respectively in the rest frames of their parent top or anti-top quarks. It can be
shown that the distribution of this variable (without phase space cuts) has the form [120]

1

�

d�

dchel
=

1

2
(1�D chel) , (16)

where the slope D is sensitive to the parity of a possible intermediate particle (in this case,
the ALP or a pseudoscalar Higgs boson).7 Thus, this observable can be used to discriminate
between the signal and the SM background.

7It should be noted that our variable chel is called cos' in Ref. [120] and does not correspond to their
variable chel.

10
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Generator-level analysis, 15% Gaussian smearing: 
comparison with CMS result

High discrimination power for chel > 0.6, good agreement with 
CMS analysis 13

⇒
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
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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 

14

⇒

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

|N
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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Systematic uncertainties: impact of variation of 
top-quark mass by ±1 GeV 

Sensitivity of CMS 
analysis lies 
between the 
projections with 
and without the 
systematic 
uncertainty induced 
by mt 
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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

|N
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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Reinterpretation of existing limits for the case cG = 0

Constraints on | ct |/fa
16

Figure 5: Limit on the coupling of an ALP to the top quark, ct/fa, in the case c
G̃
= 0, translated

from Ref. [74], for a relative ALP width of 2.5% (left) and 5% (right). The hatched band shows
the region in which the sum of the predicted partial widths for the a ! tt̄, gg, �� decays exceeds
the assumed total width.

3 Results

In this section we present the resulting limits on the Wilson coe�cients of the ALP La-
grangian given in Eq. (4) and analyze the sensitivity for distinguishing between an ALP
with non-vanishing c

G̃
coupling and a pseudoscalar Higgs boson of an extended Higgs sector

for which c
G̃
= 0.

3.1 Translation of pseudoscalar Higgs boson limits

Since the additional pseudoscalar Higgs boson considered in Ref. [74] and an ALP exhibit
the same coupling structure for c

G̃
= 0, the existing limits on the process pp ! A ! tt̄ can

be directly translated in this case into the first experimentally observed upper limits on the
ALP coupling to the top quark using Eq. (6). In Fig. 5 we show the expected (black dashed)
and observed (blue) upper limits on ct/fa as a function of the ALP mass ma assuming a total
relative width of �a/ma = 2.5% and �a/ma = 5% in the left and the right plot, respectively,
based on the results of the CMS search for additional Higgs bosons in tt̄ final states using
35.9 fb�1 of data [74]. Also shown are the 1� and 2� uncertainty bands of the expected
limits as green and yellow bands, respectively. Coupling values for which the predicted total
width of the ALP, taking into account the a ! tt̄, a ! gg and a ! �� decays, is larger than
the assumed total width are indicated by the gray hatched band.

In the left plot of Fig. 5 we can observe that in the ALP mass region 400 GeV < ma .
550 GeV upper limits of |ct|/fa between 3.0 and 3.8 TeV�1 are found. The expected limit in
this mass region of |ct|/fa . 2.5 TeV�1 is substantially smaller than the observed limits. This

15
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Expected sensitivity for an ALP (cG ≠ 0) and a CP-
odd Higgs boson with same total cross section

High sensitivity for detecting a signal, good prospects for 
distinguishing ALP from CP-odd Higgs 17

Figure 6: Di↵erential distribution in mtt̄ for an ALP with di↵erent values of c
G̃

and ct and a
pseudoscalar Higgs boson with di↵erent values of gAtt̄, both with a mass of 400 GeV and a total
width of 2.5%. The couplings c

G̃
, ct and gAtt̄ are chosen in the considered benchmark scenarios

such that the ALP and the pseudoscalar Higgs boson have the same integrated cross section in a
given panel. Event counts are shown for integrated luminosities corresponding to Run 2 (138 fb�1,
left axis) and the HL-LHC (3 ab�1, right axis). The gray bands indicate the expected statistical
uncertainties on the SM background for the two integrated luminosities.

17
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Significances for discriminating between an ALP 
and a CP-odd Higgs (mass: 400 GeV, width: 2.5%)

18

a A Significance (a vs. A)
ct/fa [TeV

�1] c
G̃
/fa [TeV

�1] gAtt̄ Luminosity all syst. no mt stats only

3.0 +0.015 0.95
Run 2 1.3 1.9 3.3

Run 2+3 1.8 2.3 4.9
HL-LHC 5.3 5.7 > 10

3.0 �0.015 0.43
Run 2 1.2 1.9 3.3

Run 2+3 1.7 2.4 4.9
HL-LHC 5.0 6.0 > 10

1.0 +0.025 0.75
Run 2 1.5 2.3 2.7

Run 2+3 2.0 3.1 3.9
HL-LHC 5.8 8.8 > 10

1.0 �0.025 0.87
Run 2 3.7 9.0 > 10

Run 2+3 4.6 > 10 > 10
HL-LHC > 10 > 10 > 10

Table 3: Significances for the discrimination of an ALP and a pseudoscalar Higgs boson for the
benchmark scenarios considered in Fig. 6. The uncertainties are treated as in Tab. 2.

ALP couplings from the investigated a ! tt̄ searches.
To this end, we use the same uncertainty setup as presented in Sect. 2.5 for computing

significances. In a first step, we do not incorporate the systematic uncertainty arising from
the top-quark mass. We assume that the observed data is equal to the SM expectation, i.e.
that no deviation from the SM is found, and scan over values of the ALP couplings c

G̃
/fa and

ct/fa, each time performing a CLs test [125, 126] using the test statistic given in Eq. (18).
We assume the test statistic to be �

2-distributed with two degrees of freedom, and reject a
set of values for the ALP couplings at 95% confidence level (CL) if the CLs value for these
couplings falls below a threshold of 0.05.

The projected limits resulting from this procedure are shown in Fig. 7 for ma = 400 GeV,
�a/ma = 2.5% (left plot) and ma = 800 GeV, �a/ma = 5% (right plot). In both cases, we
include all systematic uncertainties except for the top-quark mass uncertainty, as discussed
in Sect. 2.5. For Run 2, we find a limit of ct/fa  3.5 TeV�1 for ma = 400 GeV in the least
sensitive case for c

G̃
(corresponding to values of c

G̃
/fa = �0.02 TeV�1), while the limit is

improved to ct/fa  0.34 TeV�1 for |c
G̃
|/fa = 0.1 TeV�1. For ma = 800 GeV, we find a limit

of ct/fa  0.7 TeV�1 for |c
G̃
|/fa = 0.1 TeV�1, while no limit for the assumed total width

can be set for c
G̃
= 0. The fact that the lowest sensitivity on ct is reached for a non-zero

value of c
G̃
for ma = 400 GeV results from a destructive signal–signal interference between

the two possible production diagrams, which suppresses the signal cross section for small
negative values of c

G̃
. The four points indicated by stars in the left plot correspond to the

four benchmark scenarios considered in Fig. 6. The red benchmark point and possibly also
the green one can be probed already with the data from Run 2. The yellow benchmark point
should become accessible with the integrated luminosity after Run 3 of the LHC, while the
purple one becomes only accessible at the HL-LHC.

It should be noted that for ma = 800 GeV and �a/ma = 5%, similar to Fig. 5, the
expected exclusion limits on ct/fa for Run 2 and Run 3 within the interval |c

G̃
|/fa  0.02

20
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Projected expected limits on ALP couplings: 
without systematic uncertainty from mt

HL-LHC provides sensitivity for all studied benchmark points, 
some scenarios can already be probed with Run 2 data

19

Figure 7: Projected expected limits on the ALP couplings c
G̃
/fa and ct/fa as obtained by the

maximum likelihood fit for three di↵erent integrated luminosities, corresponding to LHC Run 2
(red), Run 2+3 (blue) and HL-LHC (green), and for ma = 400 GeV, �a/ma = 2.5% (left) and
800 GeV, �a/ma = 5.0% (right). The shaded bands show the variations of the expected limit by
one standard deviation. For all cases, all systematic uncertainties are included (scaled by a factor of
0.5 for the HL-LHC) except for the top-quark mass uncertainty. The region in which the assumed
ALP width is lower than the total predicted width, taking into account the a ! tt̄, a ! gg and
a ! �� decays, is shown as the gray shaded area. In the left plot, the benchmark points from
Fig. 6, with the same color coding, are shown as stars.

lie in the region where the predicted total ALP decay width exceeds the width assumed
in the analysis.9 For the integrated luminosities expected at the HL-LHC limits for both
ALP masses can be set throughout the whole parameter space without a conflict with the
assumed value for the total width. For the HL-LHC we find a significantly improved limit
of ct/fa  1.4 (2.8) TeV�1 for ma = 400 (800) GeV. For |c

G̃
|/fa = 0.1 TeV�1, we find a limit

of ct/fa  0.11 (0.19) TeV�1.
We now analyze the impact of the treatment of the uncertainties, in particular the e↵ect

of taking into account the systematic uncertainty arising from the top-quark mass. To this
end, in Fig. 8 we show the same limits for an integrated luminosity corresponding to Run 2
for the three di↵erent treatments of the uncertainties as in Tabs. 2–3. For ma = 400 GeV
(left plot), i.e. close to the tt̄ production threshold, it can be seen that including the top-
quark mass uncertainty significantly weakens the projected limits. As discussed in Sect. 2.5,
this uncertainty is likely overestimated in our analysis, and we expect the limits that would
be found in an experimental analysis to lie between the cases including or excluding the
top-quark mass uncertainty (blue and red lines).

For ma = 800 GeV (right plot), on the other hand, it can be seen that the e↵ect of the
top-quark mass uncertainty is very small. For this mass, the signal does not manifest itself
as a peak–dip structure close to the tt̄ production threshold and thus has a very di↵erent
shape compared to modifications of the mtt̄ distribution caused by a variation of the mass
of the top quark.

9If we instead choose the total width as �a = �pred
tt̄ + �pred

gg + �pred
�� , we expect our limits to be weaker in

the gray-shaded region and to be stronger otherwise.
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Projected expected limits on ALP couplings: 
impact of systematic uncertainties

mt uncertainty has significant impact for ma = 400 GeV 
(expected to be smaller in exp. analysis)                                  
Small effect for ma = 800 GeV
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Figure 8: Projected expected limits on the ALP couplings c

G̃
/fa and ct/fa that are obtained

as in Fig. 7, for ma = 400 GeV, �a/ma = 2.5% (left plot) and ma = 800 GeV, �a/ma = 5%
(right plot) and for three di↵erent treatments of the uncertainties as defined in Sect. 2.5: with all
systematic uncertainties including the top-quark mass uncertainty (blue), excluding the top-quark
mass uncertainty but keeping other uncertainties (red), and considering statistical uncertainties
only (gray). All limits are shown for an integrated luminosity of 138 fb�1, corresponding to Run 2.

3.4 Comparison with other experimental limits

In this section we compare the projected limits on the ALP couplings obtained in the previous
section to other current experimental limits on these parameters. Focusing on an ALP at
ma = 400 GeV and a relative width of �a/ma = 2.5%, we show in Fig. 9 our projected 95%
CL limits on the coupling coe�cients c

G̃
/fa and ct/fa based on the pp ! a ! tt̄ process

for an integrated luminosity of 138 fb�1 collected during Run 2 (as shown by the red curve
in Fig. 7). For the specific scenario of the top-philic ALP (see Eq. (7)), indicated by the
black dot-dashed line, we find from the intersection with the red curve a projected limit of
ct/fa < 1.7 TeV�1, which is complementary to the limit set at lower masses in Ref. [56].
Our limits are compared with the current limits resulting from LHC searches for di-photon
resonances [88] (green shaded area) and from the measurement of the total cross section
for the production of four top quarks [89] (blue shaded area), both based also on 138 fb�1.
Moreover, we depict the indirect limit on ct/fa, which is approximately independent of c

G̃
/fa

for ma = 400 GeV, resulting from a global analysis of ALP–SMEFT interference e↵ects [44]
(hatched gray line). In the following we briefly summarize how the existing exclusion regions
displayed in Fig. 9 were obtained and discuss the assumptions on which they are based.

Direct searches for resonant gg ! a ! �� production

As explained above, the ALP coupling to top quarks induces at the one-loop level a
coupling of the ALP to two photons, see Eq. (10). Searches for the ALP as a narrow di-
photon resonance profit from a relatively small background, while interference e↵ects between
ALP production and the SM background are negligible. Existing LHC searches for high-mass
di-photon resonances can therefore be used as a di↵erent way for probing ALPs as considered
here. However, the di-photon branching ratio is strongly suppressed for ALP masses above
the tt̄ threshold. For an ALP mass of ma = 400 GeV we can apply the 95% CL cross-section

22
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Comparison with other experimental limits

Direct search limits for di-top final state yield stringent 
constraints, comparable or stronger than indirect limits from  
ALP-SMEFT interference 21
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Figure 9: Limits on the ALP Wilson coe�cients ct/fa and c

G̃
/fa from various sources: The

red line shows our result for the projected expected 95% CL upper limit on the ALP couplings
c
G̃
/fa and ct/fa from ALP searches in the invariant tt̄ mass distribution and angular correlations

for an ALP with a mass of 400 GeV and relative width of 2.5% for the case where all statistical
and systematic uncertainties are included except for the top-quark mass uncertainty (see Fig. 7).
The red dashed lines indicate the ±1� uncertainty band. The green shaded areas are excluded at
95% CL from LHC searches for narrow di-photon resonances performed by ATLAS [88], and the
blue shaded area is excluded from the CMS cross section measurement for the production of four
top quarks [89], where both analyses are based on the full Run 2 dataset. Values of ct/fa above
the gray hatched line are excluded by ALP–SMEFT interference e↵ects [44] (see text for details).
Coupling values for which the predicted sum of the partial widths for a ! tt̄, gg, �� is larger than
the assumed total width of the ALP are indicated with the gray shaded area. The black dot-dashed
line represents the couplings corresponding to a top-philic ALP.

limits resulting from the ATLAS high-mass di-photon resonance search [88] as implemented
in HiggsTools [127–132].10 We obtain the theoretical prediction for the resonant cross section
of the ALP in the same way as described in Sect. 2.4, i.e. we compute the resonant gluon-
fusion production cross-section at LO with MadGraph 5 and apply a K-factor Kres to
account for higher-order QCD e↵ects. As described in Sect. 2.3, the prediction for the decay
a ! �� is based on the loop-induced coupling involving the top-quark loop.

We stress again in this context that we treat the total width of the ALP as a free
parameter in our analysis. Accordingly, for the coupling regions below the gray area in Fig. 9,
where the predicted sum of the partial widths for the tt̄, gg and �� decays is smaller than

10The corresponding CMS search [133] sets limits for narrow di-photon resonances with masses above
500 GeV, and therefore does not apply to the considered scenario.
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Production of a BSM particle in di-top final state: high 
discrimination power of spin correlations, top-mass uncertainty 
can be important


Expected sensitivity at Run 2, Run 2+3, HL-LHC: high sensitivity 
for a possible signal, good prospects for discrimination between 
CP-odd Higgs boson and axion-like particle


Projected limits: direct limits from searches in di-top final state are 
comparable or stronger than indirect limits and stronger than 
other direct limits


Looking forward to experimental analyses from ATLAS and CMS!
22

Conclusions

⇒



ALPs vs. CP-odd Higgs bosons, Georg Weiglein, SUSY 2024, Madrid, 06 / 2024

Backup

23



ALPs vs. CP-odd Higgs bosons, Georg Weiglein, SUSY 2024, Madrid, 06 / 2024

  

ttH, H → bb Results

Inclusive signal strength: 0.35 (+0.36, -0.34)

Observed significance 1s (Expected 2.7s)

→ 2s deficit. Compatibility with SM is 8.5%

Deficit in all channels

High pT bins dominated by
statistical uncertainty

52 / 92Higgs physics, current situation
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Some deviations in the properties of h125                                              


                                                ttH, H → bb


Excesses in searches for additional Higgs bosons


[ATLAS Collaboration ’22]
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Figure 6: Expected and observed exclusion limits (95% CL, in the asymptotic approximation)
on the product of the production cross section and branching fraction into two photons for
an additional Higgs boson, relative to the expected SM-like value, from the analysis of the 8
and 13 TeV data. The inner and outer bands indicate the regions containing the distribution of
limits located within ±1 and 2s, respectively, of the expectation under the background-only
hypothesis.

local (1.3s global) significance is observed for a mass hypothesis of 95.3 GeV.

8 Summary
A search for an additional, SM-like, low-mass Higgs boson decaying into two photons has been
presented. It is based upon data samples corresponding to integrated luminosities of 19.7 and
35.9 fb�1 collected at center-of-mass energies of 8 TeV in 2012 and 13 TeV in 2016, respectively.
The search is performed in a mass range between 70 and 110 GeV. The expected and observed
95% CL upper limits on the product of the production cross section and branching fraction into
two photons for an additional SM-like Higgs boson as well as the expected and observed local
p-values are presented. No significant (>3s) excess with respect to the expected number of
background events is observed. The observed upper limit on the product of the production
cross section and branching fraction for the 2012 (2016) data set ranges from 129 (161) fb to
31 (26) fb. The statistical combination of the results from the analyses of the two data sets in
the common mass range between 80 and 110 GeV yields an upper limit on the product of the
cross section and branching fraction, normalized to that for a standard model-like Higgs boson,
ranging from 0.7 to 0.2, with two notable exceptions: one in the region around the Z boson
peak, where the limit rises to 1.1, which may be due to the presence of Drell–Yan dielectron
production where electrons could be misidentified as isolated photons, and a second due to an
observed excess with respect to the standard model prediction, which is maximal for a mass
hypothesis of 95.3 GeV with a local (global) significance of 2.8 (1.3) standard deviations. More
data are required to ascertain the origin of this excess. This is the first search for new resonances

So far no conclusive evidence for BSM Higgs physics

[CMS Collaboration ’18, 19, 22]
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Significances for detecting an ALP or CP-odd 
Higgs (mass: 400 GeV, width: 2.5%)
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a A Significance (a/A vs. SM)
ct/fa [TeV

�1] c
G̃
/fa [TeV

�1] gAtt̄ Luminosity all syst. no mt stats only

3.0 +0.015 0.95
Run 2 3.9/3.3 > 10/8.9 > 10/> 10

Run 2+3 5.2/4.3 > 10/> 10 > 10/> 10
HL-LHC > 10/> 10 > 10/> 10 > 10/> 10

3.0 �0.015 0.43
Run 2 2.1/1.2 2.2/1.5 4.4/2.9

Run 2+3 3.0/1.5 3.0/2.0 6.5/4.3
HL-LHC 8.7/4.2 8.8/5.7 > 10/> 10

1.0 +0.025 0.75
Run 2 1.1/2.4 2.6/4.7 4.0/6.3

Run 2+3 1.4/3.1 3.2/6.0 5.9/9.4
HL-LHC 3.9/8.4 8.2/> 10 > 10/> 10

1.0 �0.025 0.87
Run 2 0.7/2.8 1.7/6.9 2.8/9.8

Run 2+3 0.9/3.6 2.2/8.6 4.1/> 10
HL-LHC 2.3/9.9 5.5/> 10 > 10/> 10

Table 2: Significances for detecting an ALP or a pseudoscalar Higgs boson with a mass of 400 GeV
and a width of 2.5% for the benchmark scenarios considered in Fig. 6. Three di↵erent treatments
of the uncertainties as defined in Sect. 2.5 are shown. For the HL-LHC projection, all systematic
uncertainties are scaled by a factor of 0.5. The “/” separates the significances of the ALP from
those of the pseudoscalar Higgs boson.

that is significantly less pronounced. At the HL-LHC, all considered ALP benchmarks will
be distinguishable from their pseudoscalar Higgs boson counterparts. More quantitatively,
the significances for this comparison are given in Tab. 3. After LHC Runs 2(+3), only the
benchmark scenario with ct/fa = 1 TeV�1 and c

G̃
/fa = �0.025 TeV�1 has the potential

to be distinguished from the case of a pseudoscalar Higgs boson with the same total cross
section with (close to) 5� significance. For all four considered benchmark scenarios, a 5�
distinction of an ALP from a pseudoscalar Higgs boson with c

G̃
= 0 will be possible at the

HL-LHC, based on the result taking into account all systematic and statistical uncertainties.
We note that in this case, as discussed above, the ALP signal itself may not be detectable
with 5� significance.

In case a new particle is detected at the LHC, the sensitivity for distinguishing between an
ALP and a pseudoscalar Higgs boson would have an important impact on the future collider
programme at the high-energy frontier. If one can show that only an ALP with c

G̃
6= 0 is

in agreement with the experimental data, this could imply the existence of additional heavy
BSM particles that are responsible for the additional contributions to the ALP–gluon contact
interaction in the ALP EFT. The size of c

G̃
/fa which is consistent with the data could then

be used to gain information on whether these BSM particles could potentially be in reach of
the LHC or other future colliders that are currently discussed.

3.3 Projected ALP limits

As seen in Fig. 6, the LHC results of Run 2 and Run 3 and especially of the future high-
luminosity phase are expected to yield significant improvements of the sensitivity to the ALP
couplings c

G̃
and ct. To quantify this, we derive estimates for the projected limits on the
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