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Motivation

Deviations in differential t̄t cross-section
Normalised differential cross-sections as a function of the invariant
mass of e− µ system from ATLAS [arXiv:2303.15340].
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FIG. 1.

• SM predictions using six combinations of MC simulators.

• Significant deviations from the SM at low meµ .
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Motivation

Deviations in differential t̄t cross-section
Normalised differential cross-sections as a function of the angle
between the leptons (∆ϕeµ) from ATLAS [arXiv:2303.15340].
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“No model can de-
scribe all measured
distributions within
their uncertainties.”-
ATLAS

Mismodelling of SM at the LHC or new physics effects?
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Motivation

Higgs boson at ≈ 95 GeV?
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Figure 1: CMS: H→ γγ (2.9σ)
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Model-independent Model-dependent

X→𝛾𝛾 low	mass	search	results

LHC	Seminar 20Chiara	Arcangeletti

No	significant	excess	with	respect	to	the	background-only	hypothesis	is	observed.	
• Model-independent	upper	limit	𝜎fid × BR	=	[8,53]	fb	@	95	%	CL	
• Model-dependent	upper	limit	𝜎tot × BR	=	[19,102]	fb	@	95	%	CL	

1.7	𝜎@	95.4	GeV2.2	𝜎@	71.8	GeV

Figure 2: ATLAS: H→ γγ (1.7σ)
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Figure 7: The background confidence 1 − CLb as a function of the test mass mH. Full curve:
observation; dashed curve: expected background confidence; dash-dotted line: the position of the
minimum of the median expectation of 1− CLb for the signal plus background hypothesis, when the
signal mass indicated on the abscissa is tested. The horizontal solid lines indicate the levels for 2σ
and 3σ deviations from the background hypothesis (see the Appendix for the conversion).
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Figure 3: LEP: H→ bb̄ (2σ) Figure 4: CMS+ATLAS (4.1σ) 4



Motivation

Higgs boson at ≈ 150 GeV?
[arXiv:2306.17209] by S. Bhattacharya, G. Coloretti, A. Crivellin, S. Dahbi,
Y. Fang, M. Kumar, B. Mellado
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FIG. 2. The p-values of the individual high mass channels as well as their combination, both including and excluding the µe
signal.

of 4.0σ at 152GeV.5 The trials factor is computed tak-
ing into account the different signal resolutions and the
mass range (140-155GeV). This reduces the significance
to 3.8σ. This result is combined with the results of the
second combination for 152GeV.
In order to verify the consistency between the observed

signal yields of the data released after 2021 within this
simplified model, we simulated the processes, pp → H →
SS∗, where S decays to S → γγ(Zγ) and S∗ decays to
bb̄, τ+τ−, WW ∗ and missing energy. Again, we assumed
that the ratios of the branching fractions of bb̄ vs τ+τ−

and WW ∗ are SM-like. Afterwards, we applied the event
selection criteria detailed in Ref. [70] to extract the signal
efficiency of S(→ γγ) + ≥ 4 jets. The resulting expected
yields from the simulation are found to be in agreement
within 1σ with the observed yields from ATLAS.
A similar procedure is followed to analyze the cross-

section for S(→ WW (∗)) + ET
miss. The ratio of the

extracted cross-sections of S(→ γγ) + ET
miss to that of

S(→ WW (∗)) + ET
miss is also consistent with the predic-

tion of the simplified model. However, for purely SM-like
branching ratios, the simplified model predicts an excess
in S → ZZ∗ → 4ℓ, which is not observed. As such, the
significance of the S(→ WW (∗)) + ET

miss is included in
the combination with an additional DOF.
Because (S → γγ) ≥ 1ℓ + b-jet and (S → γγ) + γ are

not predicted by the simplified model, they are added

5 The largest local significance for this first combination is 4.1σ at
151.5GeV. However, the largest significance in the global com-
bination is obtained for 152GeV. As such, the significance is
reported for this mass.

using two additional DOF. The invariant mass spectra of
the channels being combined are fitted with the sum of
background and signal functions described in Eq. (A1)
and Eq. (A2). The parameterization of each function
takes into account the signal resolution of the channel,
while the background corresponds to the SM hypothe-
sis.Figure 2 shows the local p-value for the considered
channels separately, where the significance for (S →
γγ) + γ, (S → γγ)+ ≥ 4 jets and (S → γγ)+ ≥ ℓ+ b-jet
are calculated individually using the formula A3 with the
weighted signal efficiency ϵ is equal to one.
We proceed similarly with the S → eµ channel, which

is not present in the simplified model. The combined
results from ATLAS and CMS of S → eµ channel are
detailed in Appendix IV. Finally, all channels are com-
bined using Fisher’s combined probability Eq. 1 with five
DOFs. Figure 2 displays the results, where a global sig-
nificance of 5.0σ is found for mS = 152GeV. Since the
S → eµ signal is exotic, we also show the combination
without this channel, leading to a global significance of
4.9σ.

IV. CONCLUSIONS

The multi-lepton anomalies signify the current statis-
tically most significant deviation of LHC data from the
SM predictions. They can be consistently explained by
assuming a simplified model in which a heavy scalar H
decays into two lighter scalars S with EW scale masses.
Assuming a sizable decay width for S → W+W− →
ℓ+ℓ−, ℓ = e, µ, the mass of the scalar was determined to
be mS = 150 ± 5GeV.

Global significance of 4.9σ obtained for a simplified model.
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Benchmark Model

• NP model should have opposite-sign different-flavour
di-leptons with one or more b-jets.

• We consider a simplified model with three Higgs bosons
[arXiv:2308.07953]. 1
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FIG. 1.
• Fixed the masses of S and S′ by hints for 95 GeV and 150 GeV
resonances. Fixed mass of H to 270 GeV, no effects by varying.

• Assumption: Br[S→ WW] = 100% and Br[S′ → bb̄] = 100%.
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Benchmark Model

• Focus on the meµ and |∆ϕeµ| distributions due to significant
deviations. (Other observables consistent)

• Extract experimental data by digitizing the ATLAS plots: xi = MCi
datai .

• Correlation matrix (ρij) between meµ-|∆ϕeµ| and within single
distribution by simulating 1600k events of pp→ t̄t in SM.

• Add normalized NP physics contribution ri obtained from
MadGraph5aMC@NLO+Pythia.

• Treating NP linearly as a small perturbation

χ2NP =
∑
i,j=1

(axi + εNPri − 1) ρ−1ij
(
axj + εNPrj − 1

)
.

• For best-fit, minimize χ2NP with respect to εNP and a.
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Results

The solid lines are the predictions of our NP model for the best fit to
data, and the dashed lines depict the SM.
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Results

4

meµ ∆ϕeµ meµ +∆ϕeµ

χ2
SM χ2

NP σNP Sig. χ2
SM χ2

NP σNP Sig. χ2
SM χ2

NP σNP Sig. mS [GeV]

Powheg+Pyhtia8 146 50 10pb 9.8σ 183 73 11pb 10.5σ 213 102 9pb 10.5σ 143−156

aMC@NLO+Herwig7.1.3 31 13 4pb 4.2σ 96 38 8pb 7.6σ 102 68 5pb 5.8σ −−

aMC@NLO+Pythia8 89 14 9pb 8.7σ 277 83 15pb 14.0σ 291 163 10pb 11.3σ 148-157

Powheg+Herwig7.1.3 138 32 10pb 10.3σ 245 93 13pb 12.3σ 261 126 10pb 11.6σ 149-156

Powheg+Pythia8 (rew) 40 12 5pb 5.3σ 54 26 6pb 5.3σ 69 35 5pb 5.8σ −−

Powheg+Herwig7.0.4 186 41 12pb 12.0σ 263 99 14pb 12.8σ 294 126 12pb 13.0σ 149-156

Average 93 23 8pb 8.4σ 172 63 11pb 10.4σ 182 88 9pb 9.6σ 143-157

TABLE I. χ2 values, preferred cross section (σNP) sigifcance (Sig.) etc. for the individual meµ and |∆ϕeµ| distributions and
the combined fit to them for the six different SM simulations and their average. The χ2

NP is for our benchmark scenario
with mS ≈ 152GeV while the mS gives the preferred rage of it from the fit, assuming it to be a free parameter. A dash in
the mS column means that the preferred 1σ rage is wider than 140GeV–160GeV. Note that the cross section preferred by
meµ and |∆ϕeµ| individually are in very good agreement with each other. The preferred NP cross-section σNP is given for
Br[S′ → bb̄] ≈ 100% and Br[S → WW ≈ 100]%.

and ∆ϕeµ is then given by

ρiα =
Niα√∑

j

Nm
j

√∑
β

Nϕ
β

. (1)

The second source leading to a correlation is due to
the normalization of the distributions to the total cross-
section. Within a single distribution (meµ or ∆ϕeµ), one
has

ρij = δij −
2NiNj

N2
, (2)

i.e. an anti-correlation. With this at hand, we can cal-
culate the χ2 for the different SM predictions given by
ATLAS, see Table I, in the standard way.5

Next, we can inject an arbitrary NP signal which we
normalize to the corresponding total NP cross-section as
well as the (normalized) SM cross-section. This means
for each (normalized) value of bin i of a given distribution
we add a normalized cross-section of

ri =
σNP
i /σNP

σSM
i /σSM

, (3)

with
∑

i σ
NP,SM
i = σNP,SM. We can now calculate the χ2

including the NP contribution. Treating NP linearly as

5 Due to the lack of information, we assumed the systematic errors
to have the same correlations as the statistical ones meaning that
we applied the correlation matrix to the full error given in the
ATLAS tables. Therefore, and due to the digitization accuracy,
our values slightly differ from the ones given in the ATLAS paper.
However, the impact on the relevant ∆χ2 values calculated with
a NP hypothesis is expected to be small.

a small perturbation we have

χ2
NP =

∑
i,j=1

(axi + εNPri − 1) ρij (axj + εNPrj − 1)

δiδj
.

(4)
In order to find the best fit, the χ2 function is minimized
with respect to ϵNP and a, the latter taking into account
the possible rescaling of the total cross-section (as done in
the ATLAS analysis). Importantly, this means that even
if the NP contribution is localized at low meµ or |∆ϕeµ|
values, higher values are affected since the (predicted)
values of xi are lowered for a non-vanishing NP effect.
The values of ri must now be determined from a NP
and SM simulation and the total NP cross-section can be
approximated by

σNP ≈ εNP

∑
i

riσ
EXP
i , (5)

if the NP is a small correction to the SM.

III. BENCHMARK MODEL

Let us now consider a simplified model in which H is
produced via gluon fusion and decays into two lighter
scalars S and S′. We use the hints for di-photon reso-
nances to fix mS = 152GeV (for now) and mS′ = 95GeV
and assume mH > mS +mS′ such that an on-shell decay
is possible. For concreteness, we will fix mH = 270GeV
but we checked that varying its mass has a negligible im-
pact on the fit. Furthermore, we will assume that the
dominant decay of S is into pairs of W bosons while S′

decays dominantly to bb̄. Note that this is naturally the
case if S is a SM-like Higgs and S′ is the neutral compo-
nent of an SU(2)L triplet with hypercharge 0.

• χ2NP is for the benchmark point mS ≈ 150 GeV.

• mS gives the preferred range from the fit.

• Averaging the six different SM predictions
σ(pp→ H→ SS′ → WWbb̄) ≈ 9pb is preferred.

• NP preferred over the SM hypothesis by atleast 5.8σ.
9



Results

• Assuming S′(95) is SM-like, i.e Br[S′ → bb̄] = 86%, and
Br[S→ WW] = 100%

• Red region preferred by t̄t distribution.

• Blue region preferred by γγ signal strength at 95 GeV.
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NP explanation of t̄t distributions compatible with 95→ γγ excess
and mS ≈ 152 GeV.
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Summary

• Significant deviations in differential lepton distribution meµ and
∆ϕeµ suggests mismodelling of the SM or new physics effects.

• Possibility of a new particle at the electroweak scale.

• Considered a simplified model with three Higgs that gives a NP
background process pp→ H→ SS′ → WWbb̄.

• Assuming S(152) is from a triplet and S′(95) is from a singlet, our
simplified model is compatible with di-photon excess at 95 GeV.

• NP model can also explain the excess in W mass.

• Emergence of a new model with multiple scalars in a
singlet(95)-doublet(125)-doublet(270)-triplet(150) pattern (future
work).
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Results

• For η and Ee + Eµ
9
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FIG. 4. SM values (dashed) and NP predictions (solid), using the best fit from meµ and |∆ϕeµ|, for six other differential
distributions given in the ATLAS paper and their average (black). One can see that while NP improves the agreement of
theory with data, the effect is not as significant as in meµ and |∆ϕeµ|, justifying our input choice. Only yeµ and peµT are not
shown since here both the tensions within the SM as well as the NP effect are very small.
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Results

• For pe + pµ and peµ
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FIG. 4. SM values (dashed) and NP predictions (solid), using the best fit from meµ and |∆ϕeµ|, for six other differential
distributions given in the ATLAS paper and their average (black). One can see that while NP improves the agreement of
theory with data, the effect is not as significant as in meµ and |∆ϕeµ|, justifying our input choice. Only yeµ and peµT are not
shown since here both the tensions within the SM as well as the NP effect are very small.
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