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Motivation
• Motivation: up to 5σ deviation in anomalous magnetic moment

of the muon aµ between experiment and Standard Model (SM)

• flavour-aligned two-Higgs-doublet model (2HDM)
• 4 new Higgs bosons, one of them being the CP-odd A boson
• free parameters such as masses and scaling factors ζ:
⇒ leptons: ζl ≈ 50
⇒ up-type quarks: ζu ≈ 0.5
⇒ down-type quarks: ζd ≈ 0

• deviation explained for large ζl & light A
⇒ this search: mA = 20, 30, . . . 110 GeV
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Figure 1: The maximum results for ∆aµ in the two versions of the two-Higgs Doublet Model with minimal flavour
violation, compared with the 1σ regions around ∆aBNL

µ (yellow) and new world average ∆a2021
µ (green); light green shows

the overlap between the two regions. The maximum results are shown as functions of MA, for three different values of
MH,H± , as indicated: (a) lepton-specific/type X model (b) flavour-aligned two-Higgs Doublet Model. The results are
based on Ref. [252]. The left plot is technically obtained in the framework of the flavour-aligned model but taking only
τ -loop contributions, which coincides with the type X model.

Yukawa sector. It differs from the previously mentioned models in that two-loop contributions to aµ are known

to be crucial. Typically the dominant contributions arise via so-called Barr-Zee two-loop diagrams. In these

diagrams an inner fermion loop generates an effective Higgs–γ–γ interaction which then couples to the muon

via a second loop. If the new Higgs has a large Yukawa coupling to the muon and if the couplings in the inner

loop are large and the new Higgs is light, the contributions to aµ can be sizeable. The Higgs mediated flavour

changing neutral currents in the 2HDM can be avoided by imposing either Z2 symmetry or flavour-alignment.

Fig. 1 presents up-to-date results of the possible contributions ∆aµ in both of these versions of the 2HDM.

The figure is based on results of Ref. [252] and compares them to the new world average ∆a2021
µ obtained from

including the FNAL value. It arises from scans of the model parameter space and shows the maximum possible

∆aµ as a function of the most important parameters, the two new Higgs masses MA and MH , where the choice

MH = MH± maximises ∆aµ. The reason why there are absolute upper limits on ∆aµ is a combination of

theoretical and experimental constraints, as discussed in the following.

Fig. 1a shows the results for the 2HDM type X, the so-called lepton-specific version of the 2HDM with

Z2 symmetry. A general analysis of all types of the 2HDM with discrete Z2 symmetries and minimal flavour

violation has been done in Ref. [242], where only this lepton-specific type X model survived as a possible

source of significant ∆aµ. In this model, the parameters of Eq. (15) are ζl = − tanβ for all charged leptons,

while ζu,d = cotβ for all quarks. The tanβ-suppression of quark Yukawa couplings helps evading experimental

constraints from LEP, LHC and flavour physics. In the type X 2HDM the main contributions arise from Barr-

Zee diagrams with an inner τ -loop, which are (tanβ)2-enhanced. Hence important constraints arise from e.g.

precision data on Z → ττ and τ -decay [244,246,249,253] as well as from LEP data on the mass range MA . 20

GeV [252]. As Fig. 1a shows, only a tiny parameter space in the 2HDM type X remains a viable explanation of

the observed ∆a2021
µ . For a 1σ explanation, MA must be in the small interval 20 . . . 40 GeV; the corresponding
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Signal Process

• production of A via ggF and top quark
loop

• cross-section calculated via ggHiggs

• decay 100% to τ pairs
• only leptonic channels because of trigger

thresholds
⇒ mainly boosted topology

• restriction to electron-muon final state to
reject Z → ll events

⇒ A → ττ → e + µ (+νeνµντντ )
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Background Processes
• largest background is Z/γ∗ + jets → ττ

• fake lepton background(s)
⇒ particles reconstructed as prompt
leptons, but are e.g. misidentified jets
⇒ deficiently modeled by Monte Carlo
⇒ estimated via data-driven matrix
method

• other MC backgrounds
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Selection Criteria

• 1 electron and 1 muon, opposite charge

• Medium ID and Tight isolation

• electron:
pT > 7 GeV, |η| < 2.47, |η| /∈ (1.37, 1.52)
muon:
pT > 7 GeV, |η| < 2.7

• overlap removal prioritizing muons over
electrons over jets

3 electron-muon triggers
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Selection Cuts Defining Regions
Regions

low-mass SR
Signal Regions

Control Regions

Validation Region

Z→ττ CR
Top CR

Fake VRhigh-mass SR

mA ≤ 80 GeV

mA ≥ 80 GeV

amtot
T =

√(
peT + p

µ
T + Emiss

T

)2 −
(
p⃗ e
T + p⃗

µ
T + E⃗ miss

T

)2

b∆Rℓℓ =
√

(∆Φℓℓ)
2 + (∆ηℓℓ)

2

• high missing transverse
momentum Emiss

T

⇒ expecting neutrinos

• low transverse massa mtot
T

⇒ diboson & top
suppression

• low angular separationb

∆Rℓℓ

⇒ Z → ττ suppression

• no b-tagged jets

⇒ top suppression
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Signal regions low-mass SR high-mass SR

⇒ mMMC is Higgs mass reconstructed via Missing Mass Calculator, which estimates neutrino energy
with likelihood approach
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Z → ττ CR

• separated from SRs by inverted ∆Rℓℓ cut

• validate (main) background modeling

• reweight Z → ττ MC in dependence on njets

• used as control region for fit
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Fake (Lepton) VR

• same cuts as Z → ττ CR, except qe · qµ = 1

• calculation of fake lepton efficiencies for
matrix method

• validate fake lepton background modeling
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Top CR

• separated from SRs by requiring at least 2
b-jets

• validate Top background modeling

• used as control region for fit
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Systematics
• experimental systematics on efficiencies,

detector calibration, missing transverse
momentum, pileup reweighting, luminosity

• uncertainties of MC samples

⇒ cross-section uncertainties

⇒ generator uncertainties for Z → ττ , Top,
Diboson, Signal

• uncertainties of fake background modeling

⇒ statistical uncertainty of efficiencies,
parametrizations, composition

• uncertainties of Z → ττ reweighting

Z → ττ generator systematics
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Expected Cross-section Limits

• binned likelihood fit of mMMC distribution
for each mass hypothesis

• fit and limit calculation done via TRExFitter

• pruning and smoothing applied

• asymptotic CLs method

• discontinuity at 80 GeV due to transition
from low-mass to high-mass SR
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Expected |ζu| Limits

• binned likelihood fit of mMMC distribution
for each mass hypothesis

• fit and limit calculation done via TRExFitter

• pruning and smoothing applied

• asymptotic CLs method

• discontinuity at 80 GeV due to transition
from low-mass to high-mass SR

• signal cross-section uncertainties only
considered for |ζu| limits

• current |ζu| limit at ≈ 0.5
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Summary
• aµ deviation could be resolved by CP-odd Higgs

boson A

• low-mass A → ττ search in e − µ channel
• selection criteria finalized
• all systematics evaluated
• fake estimation via matrix method implemented
• expected exclusion limits presented

⇒ analysis almost complete, currently in
unblinding approval process

Outlook:
• unblinding
• aiming for ATLAS publication in summer
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BACKUP
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Selection Criteria

SR Top CR Z → ττ CR Fake VR
low-mass high-mass

20 to 80 GeV 80 to 110 GeV

Emiss
T cut Emiss

T > 50 GeV > 30 GeV > 30 GeV − −

Mass cut1 mtot
T < 45 GeV < 65 GeV < 65 GeV < 65 GeV < 65 GeV

Angular cut2 ∆Rll < 0.7 < 1.0 < 1.0 > 1.4 > 1.4

MMC cut mMMC > 0 GeV > 35 GeV & > 0 GeV > 0 GeV & > 0 GeV &

< 130 GeV < 130 GeV < 130 GeV

b-tag nb−jets 0 0 > 1 0 0

Charge cut qe · qµ −1 −1 −1 −1 1

1
mtot
T =

√(
peT + p

µ
T + Emiss

T

)2 −
(
p⃗ e
T + p⃗

µ
T + E⃗ miss

T

)2, 2∆R =
√

(∆Φ)2 + (∆η)2
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Matrix method in the low-mass A → ττ search
for 1 electron (1st index) and 1 muon (2nd index):

NTT
XX

NTT
XX

NTT
XX

NTT
XX

 =


rerµ re fµ ferµ fe fµ
re r̄µ re f̄µ fe r̄µ fe f̄µ
r̄erµ r̄e fµ f̄erµ f̄e fµ
r̄e r̄µ r̄e f̄µ f̄e r̄µ f̄e f̄µ

 ·


NLL

RR
NLL

RF
NLL

FR
NLL

FF


→ inverting matrix gives 3 fake backgrounds:

NTT
RF, est =

re fµ
(re − fe)(rµ − fµ)

[
−f̄e r̄µN

TT
XX + f̄erµN

TT
XX + fe r̄µN

TT
XX − ferµN

TT
XX

]
,

NTT
FR, est =

ferµ
(re − fe)(rµ − fµ)

[
−r̄e f̄µN

TT
XX + r̄e fµN

TT
XX + re f̄µN

TT
XX − re fµN

TT
XX

]
,

NTT
FF, est =

fe fµ
(re − fe)(rµ − fµ)

[
+r̄e r̄µN

TT
XX − r̄erµN

TT
XX − re r̄µN

TT
XX + rerµN

TT
XX

]
.

• can be converted to event weights via IFF Fake Bkg Tools
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Calculation of Efficiencies
• Normally: measure assumingly independent efficiency = #tight leptons

#loose leptons of each lepton
⇒ IFF Fake Efficiency Tool

• Here: parametrize probe lepton’s efficiencies in tagged lepton’s tightness
⇒ leptons no longer assumed to be independent!

• real efficiencies calculated in signal region using MC only

⇒ re(µ) =


NTT

RX
NLT

RX
, µ tight

NTT
RX

NLT
RX

, µ not tight
rµ(e) =


NTT

XR
NTL

XR
, e tight

NTT
XR

NTL
XR

, e not tight

• fake efficiencies from same-sign ZVR, using data, subtracting MC with real lepton

⇒ fe(µ) =


NTT

Data−NTT
RX

NLT
Data−NLT

RX
, µ tight

NTT
Data−NTT

RX

NLT
Data−NLT

RX
, µ not tight

fµ(e) =


NTT

Data−NTT
XR

NTL
Data−NTL

XR
, e tight

NTT
Data−NTT

XR

NTL
Data−NTL

XR
, e not tight
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Calculation of efficiencies

Best agreement with:
• same combined e-µ-triggers as in analysis
• loose ID & loose isolation vs. medium ID &

tight isolation
• efficiencies binned in pT and tightness of tagged

lepton
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Calculation of efficiencies

Best agreement with:
• same combined e-µ-triggers as in analysis
• loose ID & loose isolation vs. medium ID &

tight isolation
• efficiencies binned in pT and tightness of tagged

lepton
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Z → ττ Reweighting
calculated weights in ZCR, in njets distribution:

weight =
(Data −

∑
i ̸=Zττ Bkgi )

BkgZττ
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Distributions
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Distributions
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Distributions
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