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Motivation
• Model independent search: extend search for new Higgs bosons to low

masses in unexplored phase space

• Model dependent search: deviation in anomalous magnetic moment of
the muon aµ between experiment and SM prediction [1–7]

• Flavour-aligned two-Higgs-doublet model
⇒ One SM-like Higgs boson h and additional Higgs bosons H±, H, A
⇒ A CP-odd and could have mA < mh

• Free parameters such as masses and couplings ζ:

⇒ Experimentally constrained: Up-type quarks: ζu < 0.5, Down-type quarks: ζd < O(1)
⇒ Deviation explained for large lepton couplings ζℓ ≈ 50 & light A [8]

⇒ This search: mass hypotheses mA between 20GeV and 90 GeV
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Signal process

• Production of A via gluon fusion and top
quark loop

• Cross-sections calculated via
ggHiggs [9–20]

• Decay 100% to τ -lepton pairs
• Limited to leptonic channels because of

trigger thresholds
⇒ Mainly boosted topology
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• Restriction to electron-muon final state to reject Z → e+e−, Z → µ+µ− events
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Background processes

• Largest background is Z/γ∗ + jets → τ+τ−

• Fake lepton background:
⇒ Particles reconstructed as prompt leptons, but are e.g.

misidentified jets
⇒ Not well modeled by Monte Carlo
⇒ Estimated via data-driven matrix method [21]

• Other MC backgrounds
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Selection criteria

• One electron and one muon, opposite charge

• Medium ID and Tight isolation

• Electron:
pe
T > 7 GeV, |ηe | < 2.47, |ηe | /∈ (1.37, 1.52)

muon:
pµ
T > 7 GeV, |ηµ| < 2.7

• Overlap removal prioritizing muons over
electrons over jets

Three 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
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mA ≥ 75 GeV
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• High missing transverse
momentum Emiss

T

⇒ Expecting neutrinos

• Low transverse massa mtot
T

⇒ Diboson & top
suppression

• Low angular separationb

∆Rℓℓ

⇒ Decay topology of
CP-odd A boson

• No b-tagged jets

⇒ Top suppression
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Signal regions Low-mass SR
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⇒ mMMC is Higgs mass reconstructed via Missing Mass Calculator, which estimates neutrino
kinematics with likelihood approach
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Z → ττ control region

• Separated from SR by requiring large ∆Rℓℓ

• Validate Z → τ+τ− background modeling

• Reweight Z → τ+τ− MC in dependence on
njets within systematic uncertainties

• Used as control region for fit
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Z → ττ control region

• Separated from SR by requiring large ∆Rℓℓ

• Validate Z → τ+τ− background modeling

• Reweight Z → τ+τ− MC in dependence on
njets within systematic uncertainties

• Used as control region for fit
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Z → ττ control region

• Separated from SR by requiring large ∆Rℓℓ

• Validate Z → τ+τ− background modeling

• Reweight Z → τ+τ− MC in dependence on
njets within systematic uncertainties

• Used as control region for fit

before reweighting
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Z → ττ control region

• Separated from SR by requiring large ∆Rℓℓ

• Validate Z → τ+τ− background modeling

• Reweight Z → τ+τ− MC in dependence on
njets within systematic uncertainties

• Used as control region for fit

after reweighting
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Fake validation region

• Same cuts as Z → ττ CR, except
qe × qµ = 1

• Estimate fake lepton background via
data-driven matrix method

• Validate fake lepton background modeling
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Fake validation region

• Same cuts as Z → ττ CR, except
qe × qµ = 1

• Estimate fake lepton background via
data-driven matrix method

• Validate fake lepton background modeling
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Top control region

• Separated from SR by requiring at least 2
b-jets

• Validate top background modeling

• Used as control region for fit
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Top control region

• Separated from SR 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 → τ+τ−, Top, Diboson, Signal

• Uncertainties of fake background modeling
⇒ Statistical uncertainty of efficiencies, parametrizations, composition

• Uncertainties of Z → τ+τ− reweighting
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Systematic uncertainties on signal strength
mA = 20GeV mA = 90GeV

Category Relative Category Relative
contrib. to ∆µ contrib. to ∆µ

Data statistical 42% Data statistical 10%

Systematic 91% Systematic 99%
Background statistical 81% Background statistical 67%

Z → τ+τ− statistical 75% Z → τ+τ− statistical 48%
Fake lepton statistical 30% Fake lepton statistical 47%
Other background statistical 7% Other background statistical 8%

Fake lepton systematic 37% Z → τ+τ− reweighting 55%
Signal modeling 11% Signal statistical 51%
Z → τ+τ− modeling 10% Fake lepton systematic 47%
Muon efficiencies 8% Z → τ+τ− modeling 45%
Diboson modeling 8% Z → τ+τ− and tt̄ normalization 34%
Flavor tagging 5% tt̄ modeling 14%
Signal statistical 5% Flavor tagging 14%
. . . . . .
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Results

• No significant deviation of the data from SM
background expectation observed

• Determine upper limit on
σ(gg → A)× B(A → τ+τ−)

• Binned likelihood fit of mMMC distribution
for each mass hypothesis

• Asymptotic CLs method
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Results

• No significant deviation of the data from SM
background expectation observed

• Determine upper limit on
σ(gg → A)× B(A → τ+τ−)

• Binned likelihood fit of mMMC distribution
for each mass hypothesis

• Asymptotic CLs method
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Expected and observed exclusion limits

• Limit set on σ(gg → A)× B(A → τ+τ−)

• Transition from low-mass SR to high-mass
SR at mA = 75 GeV

• Mass range between 20 GeV and 60GeV
explored for the first time for this production
and decay mode
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Expected and observed exclusion limits

• Limit set on |ζu|
• Transition from low-mass SR to high-mass

SR at mA = 75 GeV

• This search improves on current upper limit
of |ζu| < 0.5 [8] over the full mass range
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Summary

• Low-mass A → τ+τ− search in e − µ channel

• No significant excess
⇒ largest deviation from SM prediction

at 20 GeV with 1.8σ

• Exclusion limits set for gluon-fusion production of A
boson with decay to τ+τ−:
⇒ First limits for 20 GeV ≤ mA < 60 GeV
⇒ 3.0 pb to 67.5 pb for σ(gg → A)× B(A → τ+τ−)

⇒ 0.074 to 0.47 for |ζu|

⇒ Future reference
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Selection criteria

SR Top CR Z → ττ CR Fake VR
Low-mass High-mass

20 to 75 GeV 75 to 90 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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Observed p0 value

• Transition from low-mass SR to
high-mass SR at mA = 75 GeV

• largest deviation from SM
prediction at 20 GeV with 1.8σ
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Matrix method in the low-mass A → τ+τ− search
for 1 electron (1st index) and 1 muon (2nd index):

NTT
XX

NTT
XX

NTT
XX

NTT
XX

 =


εerealε

µ
real εerealε

µ
fake εefakeε

µ
real εefakeε

µ
fake

εerealε̄
µ
real εerealε̄

µ
fake εefakeε̄

µ
real εefakeε̄

µ
fake

ε̄erealε
µ
real ε̄erealε

µ
fake ε̄efakeε

µ
real ε̄efakeε

µ
fake

ε̄erealε̄
µ
real ε̄erealε̄

µ
fake ε̄efakeε̄

µ
real ε̄efakeε̄

µ
fake

 ·


NLL

RR
NLL

RF
NLL

FR
NLL

FF

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

NTT
RF, est =

εerealε
µ
fake

(εereal − εefake)(ε
µ
real − εµfake)

[
−ε̄efakeε̄

µ
realN

TT
XX + ε̄efakeε

µ
realN

TT
XX + εefakeε̄

µ
realN

TT
XX − εefakeε

µ
realN

TT
XX

]
,

NTT
FR, est =

εefakeε
µ
real

(εereal − εefake)(ε
µ
real − εµfake)

[
−ε̄erealε̄

µ
fakeN

TT
XX + ε̄erealε

µ
fakeN

TT
XX + εerealε̄

µ
fakeN

TT
XX − εerealε

µ
fakeN

TT
XX

]
,

NTT
FF, est =

εefakeε
µ
fake

(εereal − εefake)(ε
µ
real − εµfake)

[
+ε̄erealε̄

µ
realN

TT
XX − ε̄erealε

µ
realN

TT
XX − εerealε̄

µ
realN

TT
XX + εerealε

µ
realN

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 one lepton’s efficiencies in other lepton’s tightness
⇒ (Fake) leptons no longer assumed to be independent!

• Real efficiencies calculated in SR (and ZCR for non-tight) using MC only

⇒ εereal(µ) =


NTT

RX
NLT

RX
, µ tight

NTT
RX

NLT
RX

, µ not tight
εµreal(e) =


NTT

XR
NTL

XR
, e tight

NTT
XR

NTL
XR

, e not tight

• Fake efficiencies from FVR, using data, subtracting MC with real lepton

⇒ εefake(µ) =


NTT

Data−NTT
RX

NLT
Data−NLT

RX
, µ tight

NTT
Data−NTT

RX

NLT
Data−NLT

RX
, µ not tight

εµfake(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

• Same combined e-µ-triggers as in analysis
• Loose ID & Loose isolation vs. Medium ID &
Tight isolation

• Efficiencies binned in pT and tightness of other
lepton

• Difference of up to 9% due to tightness
parametrization
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Calculation of efficiencies

• Same combined e-µ-triggers as in analysis
• Loose ID & Loose isolation vs. Medium ID &
Tight isolation

• Efficiencies binned in pT and tightness of other
lepton

• Difference of up to 9% due to tightness
parametrization
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Z → τ+τ− reweighting
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Z → τ+τ− reweighting
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Signal region – pAT distribution
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Z → ττ CR – prefit and postfit distribution
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Top CR – prefit and postfit distribution
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Event yields
ZCR FVR TCR low-mass SR high-mass SR

Fakes 59 680± 690 44 850± 430 213± 50 316± 45 495± 55
(18%) (97%) (3.5%) (17%) (9.0%)

Z/γ∗ → τ+τ− 262 700± 1800 82± 27 116.1± 4.0 1210± 36 3701± 46
(79%) (0.18%) (1.9%) (63%) (67%)

Diboson 4552± 26 747.3± 7.4 10.82± 0.50 139.1± 2.4 449.2± 4.4
(1.4%) (1.6%) (0.18%) (7.3%) (8.2%)

Z/γ∗ → ℓ+ℓ− 468± 71 354± 68 0.28± 0.12 4.0± 1.7 9.8± 3.3
(0.14%) (0.77%) (< 0.1%) (0.21%) (0.18%)

Top 3327± 22 2.02± 0.51 5653± 28 162.9± 4.7 611.4± 9.3
(1.0%) (< 0.1%) (94%) (8.5%) (11%)

SM Higgs 1108.7± 2.6 3.63± 0.18 5.79± 0.23 76.86± 0.79 227.4± 1.3
(0.33%) (< 0.1%) (0.097%) (4.0%) (4.1%)

total Bkg 331 800± 2000 46 040± 440 5999± 57 1908± 58 5494± 73
Data 331 797 44 587 6227 1987 6119

⇒ Values in brackets show relative contributions
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