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Overview

• Covering two measurements of H→𝜏𝜏 using 36fb-1 of pp 
collision data recorded by ATLAS in 2015 and 2016 

• Cross-section measurements of the Higgs boson 
decaying into a pair of τ-leptons in proton–proton 
collisions at √ s = 13 TeV with the ATLAS detector 
(Phys. Rev. D 99 (2019) 072001) 

• Test of CP invariance in vector-boson fusion 
production of the Higgs boson in the H→𝜏𝜏 channel in 
proton–proton collisions at √s = 13 TeV with the ATLAS 
detector (Phys. Lett. B 805 (2020) 135426)
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https://link.aps.org/doi/10.1103/PhysRevD.99.072001
https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub
https://link.aps.org/doi/10.1103/PhysRevD.99.072001
https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub
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Higgs couplings to fermions

• Higgs coupling to fermions proportional to fermion mass in the SM 

ℒYukawa = −gf v �̅�f 𝜓f − gf h �̅�f 𝜓f 

• Precise measurement of coupling is important test of the SM 

• Decay to tau leptons is (so far) the only observed Higgs coupling to leptons 

• Sizeable BR to tau leptons allows to use this channel to probe different Higgs 
production modes and investigate the CP structure
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mass term Higgs coupling

Phys. Rev. D 101 (2020) 012002 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
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Higgs production at the LHC
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Observation of H ! ⌧⌧
Search for H ! µµ

Beyond the Standard Model Higgs decays

Higgs boson production at the LHC

gluon-gluon-fusion
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Exploit all possible production modes with their respective topologies

C. Grefe, Leptonic Higgs Decays: Status and Outlook Oberseminar, Georg-August-Universität Göttingen, 07.07.2017 8

Run 1 Run 2

This talk focusses on ggF and VBF production

σ = 48.6 pb@13 TeV σ = 3.7 pb@13 TeV
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Cross Section Measurement
• Select any combination of two 

reconstructed e, 𝜇, 𝜏had with opposite 
charge → 3 analysis channels: 𝜏lep𝜏lep, 
𝜏lep𝜏had, 𝜏had𝜏had 

• Require at least 1 or 2 additional jets to 
define (boosted) ggF and VBF enriched 
categories, respectively 

• Additional 2-3 subcategories using mjj, 
pT(𝜏𝜏), etc. per channel and category to 
maximise sensitivity → in total 13 SRs 

• Extract H→𝜏𝜏 signal from fit to distribution 
of invariant di-tau mass reconstructed 
using the Missing Mass Calculator (MMC), 
Nucl. Instrum. Meth. A 654 (2011) 481
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Tau lepton decays:

http://dx.doi.org/10.1016/j.nima.2011.07.009
http://dx.doi.org/10.1016/j.nima.2011.07.009
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𝜏lep𝜏had event in VBF category 

𝜏had𝜏had event in boosted category 
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Main Backgrounds
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Z→𝓁𝓁 (Sherpa 2.2.1) 
Normalisation from CRs, 

Inverted m𝓁𝓁 cut

tt and single top 
(Powheg+Pythia) 

Normalisation from CRs, 
Inverted b-veto

Z→𝜏𝜏 (Sherpa 2.2.1) 
Modelling validated using 

Z→𝓁𝓁 selection with 
similar phase space 

Misidentified 𝜏 (data driven) 
𝜏lep𝜏lep: lepton fakes estimated 

from anti-isolation region 
𝜏lep𝜏had: 𝜏had fakes estimated from 

inverted tau ID requirement 
𝜏had𝜏had: 𝜏had fakes estimated 

from inverted charge requirement

H→𝜏𝜏 (Powheg+Pythia) 
Signal includes ggF, VBF, VH 

and ttH production

Signal regions
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Measurement of H→𝞽𝞽 Cross Section

• Simultaneous binned maximum likelihood fit using 
MMC distribution in 13 SRs + 4 top CRs and 2 
Z→𝓁𝓁 CRs 

• Observed (expected) significance of 4.4𝝈 (4.1𝝈), 
improves to 6.4𝝈 (5.4𝝈) when combined with Run 1 

• Consistent observed total cross section for all 
channels and categories, if fit independently
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Weighted 
combination 

of all SRs
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Measurement of H→𝞽𝞽 Cross Section
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Simultaneous measurement 
of ggF and VBF production

Fiducial cross section measurement for VBF + 2 pT(H) bins in ggF (STXS framework)  
This analysis is especially sensitive to ggF with high pT(H)

Phys. Rev. D 101 (2020) 012002 

 σggF, H→ττ = 3.1 ± 1.0 (stat.) +1.6
−1.3 (syst.) pb

σVBF, H→ττ = 0.28 ± 0.09 (stat.) +0.11
−0.09 (syst.) pb

• All results consistent with SM expectations

ATLAS Higgs 
combination

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
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Test of CP Invariance in VBF
• Ansatz: effective Lagrangian with dim-6 CP-odd operators 

• Operators can be expressed in terms of  and  

• Set  =  (arbitrary choice): 

• CP-odd contribution in matrix element depends only on 
one parameter 

• Optimal observable contains all phase space information 

d̃ d̃B

d̃ d̃B
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the Higgs boson H, photon A and weak gauge bosons W± and Z as in Ref. [42]:

Le� = LSM + g̃HAA
H Ãµ⌫Aµ⌫ + g̃

HAZ
H Ãµ⌫Zµ⌫ + g̃

HZZ
HZ̃µ⌫Zµ⌫ + g̃

HWW
HW̃+µ⌫W�µ⌫ ,

where Vµ⌫ and Ṽµ⌫ = ✏µ⌫⇢�V⇢� (with V = W±, Z, A) denote the field strength and dual field strength
tensors, respectively. Only two of the four couplings g̃

HVV
0 are independent due to constraints imposed by

U(1)
Y

and SU(2)
I
W
,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃

B

as in Refs. [43, 44]:

g̃
HAA

=
g

2m
W

(d̃ sin2 ✓
W
+ d̃

B
cos2 ✓

W
) g̃

HAZ
=

g

2m
W

sin 2✓
W
(d̃ � d̃

B
)

g̃
HZZ

=
g

2m
W

(d̃ cos2 ✓
W
+ d̃

B
sin2 ✓

W
) g̃

HWW
=

g

m
W

d̃ ,

where g is the SU(2) coupling constant and ✓
W

is the weak mixing angle. Adopting the arbitrary choice
d̃ = d̃

B
yields the following relations:2

g̃
HAA

= g̃
HZZ

=
1
2
g̃
HWW

=
g

2m
W

d̃ and g̃
HAZ

= 0 .

In an e�ective field theory (EFT), the coupling parameters are real valued. However, rescattering e�ects
from new particles in loops, with masses lower than the scale of new physics assumed in the EFT, may
introduce an imaginary part [40]. Such e�ects are not considered in the analysis presented here, as d̃ is
assumed to be real valued.

The strength of CP violation in VBF Higgs boson production is then described by a single parameter d̃.
The corresponding matrix element M for VBF production is the sum of a CP-even contribution MSM from
the SM and a CP-odd contribution MCP-odd from the dimension-six operators considered:

M =MSM + d̃ · MCP-odd,

where the dependence on d̃ has explicitly been factored out. The squared matrix element has three
contributions:

|M|
2 = |MSM |

2 + d̃ · 2 Re(M⇤

SMMCP-odd) + d̃2
· |MCP-odd |

2 .

The first term |MSM |
2 and third term d̃2

· |MCP-odd |
2 are both CP-even and hence are not a source of CPV.

The second term d̃ · 2 Re(M⇤

SMMCP-odd) stems from the interference of the two contributions to the matrix
element and is CP-odd, representing a possible new source of CPV in the Higgs sector. The interference
term integrated over a CP-symmetric part of phase space vanishes and therefore does not contribute to the
total cross section and observed event yield after CP-symmetric selection criteria are applied. The third
term increases the total cross section by an amount quadratic in d̃, but this is not exploited in the analysis
presented here as the observed rate can also be influenced by additional CP-conserving new physics.

The final state consisting of the reconstructed decay of the Higgs boson and the two tagging jets
corresponding to the VBF topology can be characterized by seven phase-space variables, by fixing the
mass of the Higgs boson, neglecting jet masses, and exploiting momentum conservation in the plane
transverse to the beam line. The concept of the Optimal Observable (Oopt) combines the information from
the seven-dimensional phase space into a single observable, which is shown to have the highest sensitivity
2 The parameter d̃ is related to the parameter ̂

W
= (̃

W
/SM) tan↵ used in the investigation of CP properties in the decay

H ! WW⇤ via d̃ = �̂
W
= �(̃

W
/SM) tan↵. The choice d̃ = d̃

B
yields ̂

W
= ̂

Z
as assumed in the combination of the

H ! WW⇤ and H ! Z Z⇤ decay analyses [27].
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to small values of the parameter of interest and neglects contributions proportional to d̃2 in the matrix
element.

The Optimal Observable for the determination of d̃ is given by the ratio of the interference term in the
matrix element to the SM contribution:

Oopt =
2 Re(M⇤

SMMCP-odd)

|MSM |
2 .

In order to make an almost model-independent test of CP invariance, the mean value of the Optimal
Observable can be measured. If no CPV is present in the HVV vertex, then the expectation value of the
Optimal Observable vanishes: hOopti = 0, as the Optimal Observable is a CP-odd (and T̂-odd3) variable.
Since the initial state of VBF production of the Higgs boson is not CP-symmetric, this argument assumes
that e�ects from rescattering are negligible [40]. Thus an observation of a non-vanishing mean value
or an asymmetry in the Optimal Observable distribution would indicate physics beyond the SM, either
stemming from CPV, or originating from rescattering e�ects (i.e. new particles being on the mass shell in
loop corrections to the HVV vertex). Example distributions of the Optimal Observable for signal events
after the full event selection, as described in Section 5, are shown for various values of d̃ in Figure 1. In the
SM the distribution is symmetric and has a mean value of zero, whereas a non-vanishing value of d̃ causes
an asymmetry and a non-vanishing mean value of the Optimal Observable.

Optimal Observable
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Figure 1: Distribution of the Optimal Observable for signal events for three example values of d̃ after event
reconstruction and application of the full event selection used to define the signal region (see Section 5). Non-
vanishing values of d̃ cause an asymmetry and a non-vanishing mean value.

The values of the leading-order matrix elements (ME) needed for the calculation of the Optimal Observable
are extracted from HAWK [45–47]. The evaluation requires the four-momenta of the Higgs boson and the
two tagging jets ( j j). The momentum fraction x1 (x2) of the initial-state parton from the proton moving
in the positive (negative) z-direction (along the beam) can be derived by exploiting energy–momentum
conservation from the Higgs boson and tagging jet four-momenta as

xreco
1,2 =

m
H j j

p
s

e±yH j j ,

3 T̂ denotes the naive time reversal according to Ref. [40], which inverts the directions of momenta and spins.
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CP-even CP-evenCP-odd

Any CP-odd contribution would 
introduce asymmetry in Optimal 

Observable distribution 
(~model independent)
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Analysis Strategy CP Test
• The leading order matrix element is calculated using HAWK from the reconstructed 4-momentum of 

the Higgs and the two tagged VBF jets 

• This approach works with any Higgs decay - H→𝜏𝜏 is especially interesting because of the relatively 
high BR, high purity, high acceptance for VBF events and good Higgs 4-momentum reconstruction 

• Similar to cross section measurement with slightly relaxed VBF pre-selection 

• Use BDT to select VBF-like events with higher S/B than cut based approach 

• Different flavour (DF) and same flavour (SF) 𝜏lep𝜏lep are treated separately because of very different 
background composition (4 signal regions)

11
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Measurement of Optimal Observable
• Simultaneous binned maximum 

likelihood fit in 4 high-BDT 
score regions using the 
Optimal Observable together 
with 4 low-BDT CRs using the 
di-tau invariant mass + 2 top 
CRs and a Z→𝓁𝓁 CR 

• All observed Optimal 
Observable distributions have 
a mean that is consistent with 0

12

Low-BDT CRs 
used to constrain 

backgrounds

High-BDT SRs
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Limit Extraction

• The limit on  are extracted from the  distribution for different  hypotheses: 
 @ 68% CL (  expected) 

• No limit @ 95% CL due to lower than expected signal strength (  expected) 

• Measurement is mostly limited by jet uncertainties

d̃ ΔNLL d̃
−0.090 < d̃ < 0.035 −0.035 < d̃ < 0.035

−0.21 < d̃ < 0.15
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the Higgs boson H, photon A and weak gauge bosons W± and Z as in Ref. [42]:

Le� = LSM + g̃HAA
H Ãµ⌫Aµ⌫ + g̃

HAZ
H Ãµ⌫Zµ⌫ + g̃

HZZ
HZ̃µ⌫Zµ⌫ + g̃

HWW
HW̃+µ⌫W�µ⌫ ,

where Vµ⌫ and Ṽµ⌫ = ✏µ⌫⇢�V⇢� (with V = W±, Z, A) denote the field strength and dual field strength
tensors, respectively. Only two of the four couplings g̃

HVV
0 are independent due to constraints imposed by

U(1)
Y

and SU(2)
I
W
,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃

B

as in Refs. [43, 44]:

g̃
HAA

=
g

2m
W

(d̃ sin2 ✓
W
+ d̃

B
cos2 ✓

W
) g̃

HAZ
=

g

2m
W

sin 2✓
W
(d̃ � d̃

B
)

g̃
HZZ

=
g

2m
W

(d̃ cos2 ✓
W
+ d̃

B
sin2 ✓

W
) g̃

HWW
=

g

m
W

d̃ ,

where g is the SU(2) coupling constant and ✓
W

is the weak mixing angle. Adopting the arbitrary choice
d̃ = d̃

B
yields the following relations:2

g̃
HAA

= g̃
HZZ

=
1
2
g̃
HWW

=
g

2m
W

d̃ and g̃
HAZ

= 0 .

In an e�ective field theory (EFT), the coupling parameters are real valued. However, rescattering e�ects
from new particles in loops, with masses lower than the scale of new physics assumed in the EFT, may
introduce an imaginary part [40]. Such e�ects are not considered in the analysis presented here, as d̃ is
assumed to be real valued.

The strength of CP violation in VBF Higgs boson production is then described by a single parameter d̃.
The corresponding matrix element M for VBF production is the sum of a CP-even contribution MSM from
the SM and a CP-odd contribution MCP-odd from the dimension-six operators considered:

M =MSM + d̃ · MCP-odd,

where the dependence on d̃ has explicitly been factored out. The squared matrix element has three
contributions:

|M|
2 = |MSM |

2 + d̃ · 2 Re(M⇤

SMMCP-odd) + d̃2
· |MCP-odd |

2 .

The first term |MSM |
2 and third term d̃2

· |MCP-odd |
2 are both CP-even and hence are not a source of CPV.

The second term d̃ · 2 Re(M⇤

SMMCP-odd) stems from the interference of the two contributions to the matrix
element and is CP-odd, representing a possible new source of CPV in the Higgs sector. The interference
term integrated over a CP-symmetric part of phase space vanishes and therefore does not contribute to the
total cross section and observed event yield after CP-symmetric selection criteria are applied. The third
term increases the total cross section by an amount quadratic in d̃, but this is not exploited in the analysis
presented here as the observed rate can also be influenced by additional CP-conserving new physics.

The final state consisting of the reconstructed decay of the Higgs boson and the two tagging jets
corresponding to the VBF topology can be characterized by seven phase-space variables, by fixing the
mass of the Higgs boson, neglecting jet masses, and exploiting momentum conservation in the plane
transverse to the beam line. The concept of the Optimal Observable (Oopt) combines the information from
the seven-dimensional phase space into a single observable, which is shown to have the highest sensitivity
2 The parameter d̃ is related to the parameter ̂

W
= (̃

W
/SM) tan↵ used in the investigation of CP properties in the decay

H ! WW⇤ via d̃ = �̂
W
= �(̃

W
/SM) tan↵. The choice d̃ = d̃

B
yields ̂

W
= ̂

Z
as assumed in the combination of the

H ! WW⇤ and H ! Z Z⇤ decay analyses [27].

4
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Summary and Outlook
• ATLAS observed the H→𝜏𝜏 decay with a significance of 6.4𝝈 (5.4𝝈 expected) when 

combining Run 1 and early Run 2 data 

• Measured total Higgs cross section using H→𝜏𝜏 inclusively and separately for ggF and VBF 
production using 36fb-1 

• Test of CP invariance in VBF production using the Optimal Observable results in limits of 
 @ 68% CL 

• All results consistent with SM expectations

−0.090 < d̃ < 0.035
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• Analysis of full Run 2 dataset (140fb-1) in 
progress 

• In addition to more statistics this will 
benefit from new reconstruction and 
identification algorithms, like new tau ID

ATL-PHYS-PUB-2019-033 
See also poster: “Measurement of the Higgs boson 

coupling to tau leptons in proton-proton collisions at √s = 13 
TeV with the ATLAS detector at the LHC” by F. Sauerburger

http://cdsweb.cern.ch/record/2688062
http://cdsweb.cern.ch/record/2688062
https://indico.cern.ch/event/868940/contributions/3813497/
https://indico.cern.ch/event/868940/contributions/3813497/
https://indico.cern.ch/event/868940/contributions/3813497/
https://indico.cern.ch/event/868940/contributions/3813497/
https://indico.cern.ch/event/868940/contributions/3813497/
https://indico.cern.ch/event/868940/contributions/3813497/
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Backup
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MC Generators
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Event Selection Cross Section Measurement

17
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Cross Section Measurement Control Regions

18

Used in fit to control 
normalisation

Validate 
background shapes
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Validation of Sherpa 2.2.1 Z+jets MC

19

Shape correction 
propagated to Z→𝜏𝜏

Z+jets modelling 
validated using Z→𝓁𝓁 
selection with similar 

phase space as signal 
regions
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Cross Section Fit Regions
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Uncertainties Cross Section Measurement

• The uncertainty on the cross 
section measurement for H→𝜏𝜏 is 
dominated by QCD uncertainties 
on ggF production for the signal 
and experimental jet-related 
uncertainties

21
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Event Selection CP Test
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Test of CP invariance

23

Weighted 
combination 

of all SRs


