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Motivation

• Baryon asymmetry observed in the universe
• Sakharov: Need CP violating processes
• But CP violation in Standard Model (SM) presumably not sufficient

−→ Probe Higgs sector for additional sources of CP violation

• In SM: Higgs couplings are CP-even
• This analysis: Test for CP-odd contribution
to otherwise SM-like HVV couplings
• Using VBF Higgs production process
• H → ττ : Good balance between S/B and
available statistics
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Effective Field Theory

• Extend SM Lagrangian with CP-odd dimension-6 operators1

• Four new CP-odd couplings after electroweak symmetry breaking:
Leff = LSM+g̃HAAHÃµνAµν+g̃HAZHÃµνZµν+g̃HZZHZ̃µνZµν+g̃HWWHW̃ +

µνW−µν

• Two free parameters d̃ and d̃B due to SU(2)× U(1) symmetric ansatz

g̃HAA = g
2mW

(d̃ sin2 θW + d̃B cos2 θW ) g̃HAZ = g
2mW

sin 2θW (d̃ − d̃B)

g̃HZZ = g
2mW

(d̃ cos2 θW + d̃B sin2 θW ) g̃HWW = g
mW

d̃ .

• Contributions from d̃ and d̃B indistinguishable ⇒ set d̃ = d̃B
• Then g̃HAA = g̃HZZ = 1

2 g̃HWW = g
2mW

d̃ and g̃HAZ = 0

⇒ Strength of CP violation described by single parameter d̃
1V. Hankele et al: Phys. Rev. D 74 (2006).
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Matrix element & CP test

d̃ 6= 0 leads to additional term in VBF matrix element
M = MSM + d̃ MCP-odd

⇒ |M|2 = |MSM|2︸ ︷︷ ︸
CP-even

+2d̃ <(M∗
SMMCP-odd)︸ ︷︷ ︸

CP-odd, source of CP violation

+d̃2 |MCP-odd|2︸ ︷︷ ︸
CP-even

• Measure CP-odd Optimal Observable2:
OO = <(M∗

SMMCP-odd)
|MSM|2

• CP conserved ⇒ 〈OO〉 = 0
(neglecting possible rescattering effects)

Optimal Observable
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Calculate matrix elements with HAWK3:
• Needs 4-vectors of 2 jets and Higgs
• For signal prediction with d̃ 6= 0: ME-based reweighting

(
w = |M|2

|MSM|2

)
2D. Atwood & A.Soni; Phys Lett. D45 (1992), M. Davier et al.; Phys. Lett B306 (1993), M. Diehl & O. Nachtmann; Z. Phys. C62 (1994)
3A. Denner et al.; Comput. Phys. Commun. 195 (2015) 161
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Analysis Overview

• Goal: Measure d̃ with Optimal Observable
• 2015 + 2016 data,

∫
L dt = 36.1 fb−1

• Based on H → ττ cross-section
measurement, Phys. Rev. D 99, 072001

τlepτlep SF
6%

τlepτlep DF
6%

τlepτhad

46%

τhadτhad

42%

Phys. Rev. D 99, 072001

VBF selection: Di-τ events with ≥ 2 jets,
mjj > 300 GeV and ∆ηjj > 3

Exp. Signal Background Ratio

τlepτlep SF 14.4 1010 1.4%
τlepτlep DF 26.0 1530 1.7%
τlepτhad 54.0 5350 1.0%
τhadτhad 24.9 1510 1.6%
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BDT Selection

Boosted Decision Trees (BDT) to find signal within VBF selection

Define signal region (SR) via cut on BDT score:
Exp. Signal Background Ratio

τlepτlep SF 4.5 23 0.2
τlepτlep DF 6.9 23 0.3
τlepτhad 16 19 0.9
τhadτhad 12 26 0.5

Main backgrounds:
• Z → ττ :

Taken from simulation
Normalized to data

• Misidentified τ :
Estimated via data-driven
techniques
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Optimal Observable
distributions
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• OO distributions in
high-BDT SRs

• From data:
model-independent
test of CP violation

⇒ Consistent with 0
No sign of CP violation

For more quantitative statement on d̃ : Perform likelihood fits
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Fit model
High-BDT SR, one per channel:
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Fit OO distribution
Sensitive to value of d̃

Low-BDT CR, one per channel:
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Fit di-τ mass mMMC
ττ

Constrain Z → ττ normalization

• In τlepτlep: Fit event yields in additional Z → `` (SF only) and Top CRs
• Scan d̃ values for signal, find d̃ maximizing likelihood
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Limits on d̃

Observed:
• Signal strength µ = σObs

σSM
= 0.73

• best-fit d̃ = −0.01
• 68% interval: d̃ ∈ [−0.090, 0.035]d̃ ∈ [−0.090, 0.035]d̃ ∈ [−0.090, 0.035]

⇒ Fully consistent with SM

Expected with µ = 1:
Based on pseudodata using best-fit
uncertainties from CR-only fit
• 68% interval: d̃ ∈ [−0.035, 0.033]
• 95% interval: d̃ ∈ [−0.21, 0.15]
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Systematic uncertainties

• Fit to pseudodata generated with
pre-fit uncertainties
• Set groups of uncertainties to
constant in fit
• Group with biggest impact:
Jet uncertainties
• Effect of ignoring τhad or
MC stat. uncertainties smaller
• Other uncertainties almost
negligible
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All stat. + sys. uncert.
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Conclusion

• Tested CP invariance of VBF production with Optimal Observable method
• Used VBF Higgs events in di-tau final states

• Means of OO in data consistent with zero
• Expected 95% CI on CP-violation inducing parameter d̃ is [−0.21, 0.15]
• Due to low measured signal strength, no observed 95% CI
• Observed (expected) 68% CI: [−0.090, 0.035] ([−0.035, 0.033])
• All consistent with SM expectation of zero, no sign of CP violation found
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Additional Material



Construction of
“expected” NLL curves

Likelihood fit: Find configuration of your fit parameters ~θ that maximizes

L
(
~θ|~x
)

=
∏

bins i
Poisson

(
xi |Nexp

i (~θ)
)#NPs∏

j=1
Cj(θj)

given observed data ~x (Cj : constraint fct, usually Gaussian of width 1 around 0)

1. Conduct CR-only fit to data, obtain pulls ~̂θ

2. Construct “Asimov” dataset ~xexp with NPs set to ~̂θ
3. Construct new likelihood function L′ where center of Cj is always θ̂j
4. Maximize L′(~θ|~xexp), should return pulls ~̂θ again
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BDT and OO in Top and
Z → `` CRs
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• Distributions in 1-bin Z → `` and tt̄/Wt CRs (not part of fit)
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Modelling tests in CRs (2)
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Optimal Observable modelling in low-BDT CR (not part of fit)
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Low-BDT CR mMMC
ττ

distributions
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MC samples
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Event selection
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Post-fit yields

Process VBFH Z → ττ Z → `` (τlepτlep SF) tt̄/Wt (τlepτlep) Fake τhad-vis (τhadτhad)
NF 0.73± 0.47 0.93± 0.08 1.0± 0.4 1.16± 0.06 0.99± 0.09

• Channel with highest signal purity: τlepτhad, followed by τhadτhad
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Sub-channel fits
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• Using only event yields in all
but one SR
• Minima of resulting curves
related to high Data - Bkg
regions in SR OO distributions
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