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Motivation

❑ 4.2𝜎 deviation in 𝑎𝜇 between experiment1

and SM

❑ possible solution: introduce 2nd Higgs
doublet

❑ flavour-aligned 2HDM, scaling factors 𝜁:

➩ leptons: 𝜁l ≈ 50
➩ up-type quarks: 𝜁u ≈ 0.5
➩ down-type quarks: 𝜁d ≈ 0

❑ analysis mass points: 𝑚𝐴 = 20 − 110GeV
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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

❑ entirely defined by couplings

➩ cross-section calculated with ggHiggs2

❑ leptonic decays due to trigger thresholds

→ 𝐴→ 𝜏𝜏 → 𝑒 + 𝜇 (+𝜈𝑒𝜈𝜇𝜈𝜏 𝜈𝜏)
𝑚𝐴/GeV 20 50 80 110 125 (𝑚ℎ,SM)

N3LO xsec / pb 463.5 128.6 59.7 34.3 47 ± 3

exp. production for 140 fb−1 in millions 64.9 18.0 8.4 4.8 6.6

uncertainty / % 11.2 8.2 7.0 6.5 6.5
2https://www.ge.infn.it/~bonvini/higgs/
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Background processes3
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❑ main background: 𝑍/𝛾∗ + jets→ 𝜏𝜏

❑ except Multijet estimated from Monte Carlo (MC)
simulations

❑ Multijet = jets misidentified as leptons

➩ data-driven method (see next talk)
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Baseline selection and trigger

❑ combination of electron–muon triggers

❑ opposite charge

❑ reject events with 𝑏-tagged jets
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Analysis selection cuts

❑ two mass ranges: low-/high-mass signal region (SR)

𝑚𝐴 (20 − 80) GeV (80 − 110) GeV

𝐸miss
T cut 𝐸miss

T > 50GeV > 30GeV
→ general background reduction

Mass cut3 𝑚tot
T < 45GeV < 65GeV

→ reduction of Top & Diboson background

Angular cut4 Δ𝑅𝑙𝑙 < 0.7 < 1.0
→ reduction of 𝑍 → 𝜏𝜏 background

3𝑚tot
T =

{︂

(𝑝𝑒
T + 𝑝

𝜇
T +𝐸miss

T )
2
+ (𝑝 𝑒

T + 𝑝
𝜇
T + �⃗� miss

T )
2

4Δ𝑅 =
⌈︂
(ΔΦ)2 + (Δ𝜂)2
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𝑍→ 𝜏𝜏 validation region
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❑ orthogonality to SR by inverting Δ𝑅𝑙𝑙 cut:

➩ Δ𝑅𝑙𝑙 > 1.4

❑ 𝑍→ 𝜏𝜏 MC reweighted on basis of 𝑛jets distribution

➩ see following talk
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Top validation region3
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❑ orthogonality to SR:

➩ 𝑛𝑏−jets > 0

❑ NNLO QCD and NLO electro-weak reweighting applied

❑ region used to extract top generator uncertainties

➩ see following talk
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Same-sign "𝑍→ 𝜏𝜏 " validation region410×
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❑ only difference to 𝑍→ 𝜏𝜏 validation region:

➩ 𝑞𝑒 ⋅ 𝑞𝜇 = 1

❑ used for validation of fake lepton background estimation

❑ MMC = tool to determine most probable Higgs boson
mass from 𝐸miss

T and lepton properties
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Signal regions
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Expected cross-section limits

❑ final variable 𝑚MMC

❑ discontinuity due to split into two SRs

Result includes systematics from:

❑ experimental sources

❑ cross-section predictions

❑ luminosity

❑ generator uncertainties

❑ fake lepton estimation

❑ 𝑍→ 𝜏𝜏 reweighting
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Expected ⋃︀𝜁u⋃︀ limits

❑ final variable 𝑚MMC

❑ discontinuity due to split into two SRs

Additional systematics included:

❑ signal cross-section

❑ signal generator uncertainties

Previous general limit5:

❑ ⋃︀𝜁u⋃︀ <≈ 0.5

➩ large limit improvements expected

5JHEP 09 (2021) 080
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Summary and outlook

❑ deviation in 𝑎𝜇 explainable with low-mass CP-odd Higgs
boson

❑ search 𝐴→ 𝜏𝜏 → 𝑒𝜇 + 4𝜈 presented

❑ major open point: validation of fake estimation method

➩ currently implementing matrix method

❑ aiming for publication in summer
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Thank you for your attention! ++++

Questions?
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Backup
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Backup - Missing mass calculator (MMC)

❑ tool to calculate most probable Higgs boson mass for decays to
𝜏 -lepton pairs

➩ inputs: visible lepton kinematics, 𝐸miss
T

➩ uses information about 𝜏 -lepton decay kinematics

➩ whole possible phase space is scanned

➩ some solutions are more likely for given kinematics

➩ uses likelihood approach to find most likely Higgs mass

❑ note for selection: outputs −1 if algorithm does not converge

event probability (or likelihood) as follows:

L = − log (P(∆R1, pτ1)× P(∆R2, pτ1)), (4)

where functions P are chosen according to one of the decay types. To
determine the best estimate for the ττ invariant mass in a given event, we
produce an Mττ distribution for all scanned points in the (φmis1 , φmis2) grid
weighed by a corresponding probability, P(∆R1, pτ1) × P(∆R2, pτ1). The
most probable value of the Mττ distribution is used as the final estimator
of Mττ for a given event. An example of a such Mττ histogram for typical
H→ττ events of each category is shown in Fig. 3. A similar procedure can
also be used to build estimators for other kinematic variables, if desired.
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Figure 3: Example of the Mττ distribution filled for all grid points in one of the H→ττ
events for each of the three decay modes. An entry for each point is weighted by its L.
Plot on the left shows Mττ for the case of the ideal detector resolution and plot on the
right demonstrates Mττ for the same three events in the case of the realistic detector
resolution. All distributions are normalized to a unit area.

For events where one or both τ leptons decay leptonically, the above
procedure is adjusted to account for the unknown value of mmis of the
two neutrinos in each of the leptonically decaying τ ’s in the event. In
this case, the scan is performed in a phase space of higher dimensional-
ity: (φmis1,φmis2 ,mmis1), if only one of the two τ ’s decay leptonically; or
(φmis1 ,φmis2 ,mmis1 ,mmis2), if both decay τ ’s decay to leptons. As in the fully
hadronic mode, one can unambiguously reconstruct the 4-momenta of both
τ leptons for each point on the grid and calculate the event probability
according to Eq. 4. For simplicity, we scan uniformly in the entire range
of kinematically allowed values of mmis, but a scan performed according to
the mmis probability distribution function obtained from simulation may
improve the algorithm performance.

8

Nucl. Instrum. Meth. A 654 (2011) 481
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Backup - Selection cuts
❑ selecting only events where lepton IDs are Medium, isolation Tight (Tight_VarRad)

SR SS VR TVR ZVR SS ZVR
low-mass high-mass low-mass high-mass

𝐸miss
T cut 𝐸miss

T > 50GeV > 30GeV > 50GeV > 30GeV > 30GeV − −
Mass cuta 𝑚tot

T < 45GeV < 65GeV < 45GeV < 65GeV < 65GeV < 65GeV < 65GeV

Angular cutb Δ𝑅𝑙𝑙 < 0.7 < 1.0 < 0.7 < 1.0 < 1.0 > 1.4 > 1.4

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

< 130GeV < 130GeV

Charge cut 𝑞𝑒 ⋅ 𝑞𝜇 −1 −1 1 1 −1 −1 1

𝑏-tagc 𝑛𝑏-jets 0 0 0 0 > 0 0 0

a𝑚tot
T =

{︂

(𝑝𝑒
T + 𝑝

𝜇
T +𝐸miss

T )
2
− (𝑝 𝑒

T + 𝑝
𝜇
T + �⃗� miss

T )
2

bΔ𝑅 =
⌈︂
(ΔΦ)2 + (Δ𝜂)2

c85% efficiency WP
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Backup - 𝑍 → 𝜏𝜏 validation region
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313216 37435 ± 622 243552 ± 1720 4294 ± 25 16611 ± 764 4845 ± 235 3361 ± 22 5101 ± 11 315200
(11.9%) (77.3%) (1.4%) (5.3%) (1.5%) (1.1%) (1.6%)
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Backup - Top validation region
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10361 201 ± 26 762 ± 24 87 ± 3 53 ± 12 12 ± 2 8783 ± 34 61 ± 1 9959
(2.0%) (7.7%) (0.9%) (0.5%) (0.1%) (88.2%) (0.6%)

❑ NNLO QCD and NLO EW reweighting applied to ttbar samples
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Backup - SS "𝑍→ 𝜏𝜏 " validation region
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Backup - Low-mass signal region
3

10×

0.2

0.4

0.6

0.8

1

1.2

1.4

E
v
e

n
ts

Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτeτ → A

1 = 13 TeV, 139.0 fbs Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτeτ → A

1 = 13 TeV, 139.0 fbs

0.6
0.8

1
1.2
1.4

0 20 40 60 80 100 120 140

 [GeV]
leadlep

T
p

D
a

ta
/B

k
g

stat.stat.

100

200

300

400

500

600

700

800

900

E
v
e

n
ts

Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs

0.6
0.8

1
1.2
1.4

0 20 40 60 80 100120140160180 200

 [GeV]miss
TE

D
a

ta
/B

k
g

stat.stat.

1

10

210

310

410

510

E
v
e

n
ts

 /
 G

e
V

Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs Data Multijet

ττ →* γ/Z Diboson

νl → W*,γW    µµ/ee → *γZ/

Top SM Higgs

ττ → 20A ττ → 40A

ττ → 70A Uncertainty

= 0.5
u

ζLM SR, 
Work in Progress
ATLAS

v09
µτ

e
τ → A

1 = 13 TeV, 139.0 fbs

0.6
0.8

1
1.2
1.4

10 20 30 40 50 60 70 80 90 100 110

 [GeV]MMCm

D
a

ta
/B

k
g

stat. syst.stat. syst.

Process Data Multijet 𝑍/𝛾∗ → 𝜏𝜏 Diboson 𝑊 𝛾∗,𝑊 → 𝑙𝜈 𝑍/𝛾∗ → ℓℓ Top SM Higgs total Bkg

− 191 ± 26 937 ± 34 108 ± 2 63 ± 11 16 ± 5 138 ± 5 67 ± 1 1518
(12.6%) (61.7%) (7.1%) (4.1%) (1.0%) (9.1%) (4.4%)

❑ signal scaled with 𝜁u = 0.5
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Backup - High-mass signal region
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− 153 ± 26 2910 ± 42 369 ± 4 109 ± 53 71 ± 16 540 ± 9 270 ± 2 4422
(3.5%) (65.8%) (8.3%) (2.5%) (1.6%) (12.2%) (6.1%)

❑ signal scaled with 𝜁u = 0.5
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Backup - High Level Triggers

Short version period trigger name

e7mu24 2015 HLT_e7_lhmedium_mu24

e7mu24 2016-18 HLT_e7_lhmedium_nod0_mu24

e17mu14 2015 HLT_e17_lhloose_mu14

e17mu14 2016-18 HLT_e17_lhloose_nod0_mu14

e26mu8 2015 HLT_e24_lhmedium_nod0_L1EM20VHI_mu8noL1

e26mu8 2016 HLT_e26_lhmedium_nod0_L1EM22VHI_mu8noL1

e26mu8 2017-8 HLT_e26_lhmedium_nod0_mu8noL1
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Backup - Additional plots low-mass SR
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Backup - Systematic uncertainties in the low-mass SR
Process 𝑍→𝜏𝜏 Multijet Top Diboson 𝑍→ 𝑙𝑙 𝑊 𝛾∗,𝑊 → 𝑙𝜈 SM Higgs

Systematics group Relative uncertainty in %
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Backup - Cutflow for A70 in the low-mass SR
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Backup - Signal acceptance
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Backup - Signal resolution
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Backup - Influence of generator systematics on expected
limits
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Backup - STAT only expected limits
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Backup - Fit check - pull plots
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ATLAS Work in Progress

❑ fit with Asimov dataset for cross-section limit

❑ signal A50 in the low-mass SR
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ATLAS Work in Progress

❑ fit with Asimov dataset for cross-section limit

❑ signal A80 in the high-mass SR
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Backup - Fit check - correlation matrices
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❑ fit with Asimov dataset for cross-section limit
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Backup - Pruning of systematics

❑ following procedure from 𝑉 𝐻𝑏𝑏 Run 1 analysis:

➩ smoothing of uncertainties

➩ neglect normalization uncertainties if:

➩ variation is smaller than 1 %

➩ neglect shape uncertainties if:

➩ no bin has deviation greater than 1 %

❑ only the following experimental NPs survive pruning for at least
one SR and signal:

ATLAS_btag_b_0

ATLAS_btag_b_1

ATLAS_btag_c_0

ATLAS_btag_light_0

ATLAS_EG_RESOLUTION_ALL

ATLAS_EG_SCALE_AF2

ATLAS_EG_SCALE_ALL

ATLAS_EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP2

ATLAS_EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP11

ATLAS_EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP13

ATLAS_EL_EFF_Reco_CorrUncertaintyNP0

ATLAS_JET_fJvteff
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ATLAS_MET_SoftTrk_ResoPerp

ATLAS_MET_SoftTrk_Scale

ATLAS_MUON_CB

ATLAS_MUON_EFF_ISO_SYS

ATLAS_MUON_EFF_TrigStatUncertainty_e17mu14

ATLAS_MUON_SAGITTA_RESBIAS

ATLAS_MUON_SCALE

ATLAS_pu_prw

DPG Dresden 2023
IKTP / Tom Kreße
22nd of March, 2023

slide 34 of 13

https://cds.cern.ch/record/1645654 


Backup - Signal modeling systematics

❑ estimated uncertainties from FSR scale, ISR scale,
multi-parton interactions, color reconnection, scale
variations, 𝛼s variations and PDF variations

❑ example for scale variation uncertainties in higher 𝑝𝐴
T

bin (99 % of statistics):
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Backup - Experimental uncertainties

❑ following CP group recommendations for full Run 2
data

❑ large number of NPs for “EL_EFF” due to 3 triggers
and uncertainty scheme 1NP_v1 with many NPs

NP name Description NPs

“LUMI” Integrated luminosity measurement 1

“MUON” muon resolution and energy scale 4

“MUON_EFF” muon systematics from including trigger,
reconstruction, isolation and identification

9

“EG” electron resolution and energy scale 3

“EL_EFF” electron systematics from trigger, recon-
struction, isolation and identification

176

“MET” 𝐸miss
T soft term resolution and scale 3

“JET” jet energy scale and resolution 17

“JET_EFF” jet vertex tagging efficiency 2

“btag” flavor-tagging 11

“PRW” pile-up 1
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Backup - Theoretical uncertainties
❑ cross-section uncertainties

➩ following PMG recommendations

❑ fake factor systematics

➩ taking into account statistical uncertainties on data
+ MC and experimental systematics

➩ smoothed by smoothing algorithm, statistical
uncertainties decorrelated for each bin

❑ generator uncertainties for 𝑍→ 𝜏𝜏 , diboson and 𝑡𝑡
samples

❑ 𝑍→ 𝜏𝜏 reweighting uncertainties

➩ taking into account statistical uncertainties on data
+ MC and experimental systematics

❑ signal modeling uncertainties for model-dependent
search

NP name Description NPs Order

“xsec_Ztautau” Cross section prediction un-
certainty

1 5%

“xsec_Diboson” Cross section prediction un-
certainty

1 7.1%

“xsec_Top” Cross section prediction un-
certainty

1 4.4%

“QCDFF ” Fake factor systematics 29 -

“TTBar” Top modeling systematics 5 -

“Ztautau_MCGenSys” 𝑍+jets generator systematics 5 -

“Diboson_MCGenSys” Diboson generator systemat-
ics

3 -

“Ztautau_NJetWt” 𝑍→𝜏𝜏 𝑁Jets reweighting
uncertainty

3 -
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Backup - 𝑍→ 𝜏𝜏 generator systematics

❑ following PMG recommendations for weak boson
processes

❑ estimated uncertainties from scale, 𝛼s, CKKW, QSF
and PDF variations

❑ insufficient statistics in SR

➩ relative uncertainties estimated in ZVR

➩ additional cut 𝑛jets > 0 in ZVR to get closer to SR

➩ relative uncertainties applied in SR

❑ recently integrated in fit
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Backup - Diboson generator systematics
❑ following PMG recommendations for weak boson

processes

❑ estimated uncertainties from scale, 𝛼s and PDF
variations

❑ CKKW & QSF need explicit variation samples that are
not fully available according to PMG

➩ neglected, since Diboson is only a minor
background in this analysis

❑ insufficient statistics in SR

➩ relative uncertainties estimated in ZVR

➩ additional cut 𝑛jets > 0 in ZVR to get closer to SR

➩ relative uncertainties applied in SR

❑ recently integrated in fit
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Backup - Baseline selection and trigger
❑ combination of electron–muon triggers

❑ opposite charge

❑ loose lepton isolation and ID

❑ reject events with 𝑏-tagged jets

❑ overlap removal:

removed object kept object angular separation Δ𝑅5

electron muon 0.2

jet electron 0.4

jet muon 0.4

6Δ𝑅 =
⌈︂
(ΔΦ)2 + (Δ𝜂)2
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Backup - Systematic uncertainties

❑ experimental sources:

➩ efficiencies, detector calibration

❑ data-driven Multijet estimation

❑ generator uncertainties for 𝑍→ 𝜏𝜏 , Top, Diboson and signal

➩ including scale, PDF, 𝛼s, CKKW and QSF variations

❑ 𝑍→ 𝜏𝜏 reweighting uncertainties

→ more about uncertainties in the following talks!

𝑍→ 𝜏𝜏 generator uncertainties
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