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 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)
→pp 

 WH (NNLO QCD + NLO EW)

→pp 

 ZH (NNLO QCD +NLO EW)

→pp 

 ttH (NLO QCD)

→pp 

gF VBF VH ttH

mH = 125 GeV gF VBF WH ZH ttH

7 TeV 15.13 pb 1.22 pb 0.58 pb 0.34 pb 0.09 pb

8 TeV 19.27 pb 1.58 pb 0.70 pb 0.42 pb 0.13 pb

13 TeV 43.92 pb 3.75 pb 1.38 pb 0.87 pb 0.51 pb

Higgs boson production cross sections

mH = 125 GeV H→bb H→ττ H→µµ

BR 57.7% 6.32% 0.0219%

BR for the decay of Higgs boson into fermions.

Disclaimer: covering here ~20 papers!
No time to go through analysis details…

Happy to discuss them over a 🍺 or a 🎿 break!

Trying to answer the question: what did we learn from 
the search and study of fermionic Higgs decays?
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H
→
ττ

Lower BR than bb, but cleaner final state. 
Main challenges: mass resolution, triggering 
(fully hadronic channel) and controlling the 
Z→ττ and multi-jet backgrounds.
Event categorization based on jet multiplicity 
and pT(ττ).
Multivariate techniques with fit of final 
discriminant (ATLAS and CMS) or cut based 
analysis with fit of m(ττ) (CMS).
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ATLAS: JHEP 04 (2015) 117 and ATLAS-CONF-2015-044
CMS: JHEP 05 (2014) 104 and CMS-PAS-HIG-15-002Evidence of Higgs boson Yukawa coupling to fermions.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-044/
http://link.springer.com/article/10.1007/JHEP05(2014)104
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-002/
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ATLAS: JHEP 04 (2015) 117

Looking at 
different 

production 
modes…
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Figure 11. Event yields as a function of log10(S/B), where S (signal yield) and B (background
yield) are taken from the BDT output bin of each event, assuming a signal strength µ = 1.4.
Events in all categories are included. The predicted background is obtained from the global fit
(with µ = 1.4), and signal yields are shown for mH = 125 GeV at µ = 1 and µ = 1.4 (the best-fit
value). The background-only distribution (dashed line) is obtained from the global fit, with µ fixed
at zero.

served, are introduced. The two-dimensional 68% and 95% confidence level (CL) contours

in the plane of µττ
ggF and µττ

VBF+VH [84] are shown in figure 13 for mH = 125.36 GeV. The

best-fit values are

µττ
ggF = 2.0 ± 0.8(stat.) +1.2

−0.8(syst.) ± 0.3(theory syst.)

and

µττ
VBF+VH = 1.24 +0.49

−0.45(stat.)
+0.31
−0.29(syst.) ± 0.08(theory syst.),

in agreement with the predictions from the Standard Model. The two results are strongly

anti-correlated (correlation coefficient of −48%). The observed (expected) significances of

the µττ
ggF and µττ

VBF+VH signal strengths are 1.74σ (0.95σ) and 2.25σ (1.72σ) respectively.

A total cross section times branching ratio for H → ττ with mH = 125 GeV can also

be measured. The central value is obtained from the product of the measured µ and the

predicted cross section used to define it. The uncertainties are similarly obtained by scaling

the uncertainties on µ by the predicted cross section, noting that theoretical uncertainties

on the inclusive cross section cancel between µ and the predicted cross section and thus

are not included for the production processes under consideration. These include the
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obs (exp) signal significance @ 125 GeV:
ggF: 1.74σ (0.95σ) 

VBF + VH: 2.25σ (1.72σ) 
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[Also bosonic decays included here!]

2.8±1.0

ATLAS: Phys. Lett. B 749 (2015) 519 
CMS: JHEP 09 (2014) 087

http://link.springer.com/article/10.1007/JHEP04(2015)117
http://www.sciencedirect.com/science/article/pii/S0370269315005997
http://link.springer.com/article/10.1007/JHEP09(2014)087
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ATLAS: HIGG-2014-01 (Submitted to PRD)
CMS: JHEP 05 (2014) 104 

Looking at different 
production modes…

VH

obs (exp): 5.6 (3.7)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-01/
http://link.springer.com/article/10.1007/JHEP05(2014)104


Look for CP-violating HVV couplings.
Run1 studies in decay H→WW and H→ZZ and differential cross sections of H→γγ in EFT:  
no deviations from the SM.
New: use VBF production, perform direct test of CP-invariance.

Possible signs of CP-odd contribution: clear indication of new physics.
CP-mix parametrized in terms of    parameter.
Optimal Observable (OO): combines information into single variable. 

CP-odd observable.
Highest sensitivity for small values of parameter of interest.
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ATLAS: HIGG-2015-06 (Submitted to EPJC)
The final state consisting of the Higgs boson and the two tagging jets can be characterised by seven
phase-space variables while assuming 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 Observ-
able combines the information of the high-dimensional phase space in a single observable, which can be
shown to have the highest sensitivity for small values of the parameter of interest and neglects contribu-
tions proportional to d̃2 in the matrix element. The method was first suggested for the estimation of a
single parameter using the mean value only [17] and via a maximum-likelihood fit to the full distribu-
tion [18] using the so-called Optimal Observable of first order. The extension to several parameters and
also exploiting the matrix-element contributions quadratic in the parameters by adding an Optimal Ob-
servable of second order was introduced in Refs. [19, 27, 28]. The technique has been applied in various
experimental analyses, e.g. Refs. [15, 29–39].

The analysis presented here uses only the first-order Optimal Observable OO (called Optimal Observable
below) for the measurement of d̃ via maximum-likelihood fit to the full distribution. It is defined as the
ratio of the interference term in the matrix element to the SM contribution:

OO = 2 Re(M⇤SMMCP-odd)
|MSM|2 . (12)

Figure 1 shows the distribution of the Optimal Observable, at parton level both for the SM case and for
two non-zero d̃ values, which introduce an asymmetry into the distribution and yield a non-vanishing
mean value.
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Figure 1: Distribution of the Optimal Observable at parton-level for two arbitrary d̃ values. The SM sample was
generated using MadGraph5_aMC@NLO [40] (see Sect. 5) at leading order, and then reweighted to di↵erent d̃
values. Events are chosen such that there are at least two outgoing partons with pT > 25 GeV, |⌘| < 4.5, large
invariant mass (m(p1, p2) > 500 GeV) and large pseudorapidity gap (�⌘(p1, p2) > 2.8 ).

The values of the leading-order matrix elements needed for the calculation of the Optimal Observable are
extracted from HAWK [41–43]. The evaluation requires the four-momenta of the Higgs boson and the
two tagging jets. The momentum fraction x1 (x2) of the initial-state parton from the proton moving in
the positive (negative) z-direction can be derived by exploiting energy–momentum conservation from the
Higgs boson and tagging jet four-momenta as:

xreco
1/2 =

mH j jp
s

e±yH j j (13)
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2 E↵ective Lagrangian framework

The e↵ective Lagrangian considered is the SM Lagrangian augmented by CP-violating operators of mass
dimension six, which can be constructed from the Higgs doublet � and the U(1)Y and SU(2)IW ,L elec-
troweak gauge fields Bµ and Wa,µ (a = 1,2,3), respectively. No CP-conserving dimension-six operators
built from these fields are taken into account. All interactions between the Higgs boson and other SM
particles (fermions and gluons) are assumed to be as predicted in the SM; i.e. the coupling structure in
gluon fusion production and in the decay into a pair of ⌧-leptons is considered to be the same as in the
SM.

The e↵ective U(1)Y - and SU(2)IW ,L-invariant Lagrangian is then given by (following Ref. [21, 22]):

Le↵ = LSM +
fB̃B

⇤2 OB̃B +
fW̃W

⇤2 OW̃W +
fB̃

⇤2OB̃ (1)

with the three dimension-six operators

OB̃B = �
+ ˆ̃Bµ⌫B̂µ⌫� OW̃W = �

+ ˆ̃Wµ⌫Ŵµ⌫� OB̃ = (Dµ�)+ ˆ̃Bµ⌫D⌫� . (2)

and three dimensionless Wilson coe�cients fB̃B, fW̃W and fB̃; ⇤ is the scale of new physics.

Here Dµ denotes the covariant derivative Dµ = @µ + i
2g
0Bµ + ig�a

2 Wa
µ , V̂µ⌫ (V = B,Wa) the field-strength

tensors and Ṽµ⌫ = 1
2✏µ⌫⇢�V⇢� the dual field-strength tensors, with B̂µ⌫ + Ŵµ⌫ = ig

0
2 Bµ⌫ + ig2�

aWa
µ⌫.

The last operator OB̃ contributes to the CP-violating charged triple gauge-boson couplings ̃� and ̃Z via

the relation ̃� = � cot2 ✓W ̃Z =
m2

W
2⇤2 fB̃. These CP-violating charged triple gauge boson couplings are

constrained by the LEP experiments [23–25] and the contribution from OB̃ is neglected in the following;
i.e. only contributions from OB̃B and OW̃W are taken into account.

After electroweak symmetry breaking in the unitary gauge the e↵ective Lagrangian in the mass basis of
Higgs boson H, photon A and weak gauge bosons Z and W± can be written, e.g. as in Ref. [26]:

Le↵ = LSM + g̃HAAHÃµ⌫Aµ⌫ + g̃HAZHÃµ⌫Zµ⌫ + g̃HZZHZ̃µ⌫Zµ⌫ + g̃HWW HW̃+µ⌫W
�µ⌫ . (3)

Only two of the four couplings g̃HVV (V = W±,Z, �) are independent due to constraints imposed by U(1)Y
and SU(2)IW ,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃B as:

g̃HAA =
g

2mW
(d̃ sin2 ✓W + d̃B cos2 ✓W) g̃HAZ =

g

2mW
sin 2✓W(d̃ � d̃B) (4)

g̃HZZ =
g

2mW
(d̃ cos2 ✓W + d̃B sin2 ✓W) g̃HWW =

g

mW
d̃ . (5)

Hence in general WW, ZZ, Z� and �� fusion contribute to VBF production. The relations between d̃ and
fW̃W , and d̃B and fB̃B are given by:

d̃ = �m2
W

⇤2 fW̃W d̃B = �
m2

W

⇤2 tan2 ✓W fB̃B . (6)

As the di↵erent contributions from the various electroweak gauge-boson fusion processes cannot be dis-
tinguished experimentally, the arbitrary choice d̃ = d̃B is adopted. This yields the following relation for
the g̃HVV :

g̃HAA = g̃HZZ =
1
2
g̃HWW =

g

2mW
d̃ and g̃HAZ = 0 . (7)
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Considering CP-odd contributions, effective Lagrangian can 
be written as: 

…and couplings can be parametrized as:

The parameter d̃ is related to the parameter ̂W = �̃W/SM tan↵ used in the investigation of CP properties
in the decay H ! WW [15] via d̃ = �̂W = �̃W/SM tan↵. The choice d̃ = d̃B yields ̂W = ̂Z as assumed
in the combination of the H ! WW and H ! ZZ decay analyses [15].

The e↵ective Lagrangian yields the following Lorentz structure for each vertex in the Higgs bosons coup-
ling to two identical or charge-conjugated electroweak gauge bosons HV(p1)V(p2) (V = W,Z, �), with
p1,2 denoting the momenta of the gauge bosons:

T µ⌫(p1, p2) =
X

V=W,Z

2m2
V

v
gµ⌫ +

X

V=W,Z,�

2g
mW

d̃ "µ⌫⇢�p1⇢p2� . (8)

The first terms (/ gµ⌫) are CP-even and describe the SM coupling structure, while the second terms
(/ "µ⌫⇢�p1⇢p2�) are CP-odd and arise from the CP-odd dimension-six operators. The choice d̃ = d̃B
gives the same coe�cients multiplying the CP-odd structure for HW+W�, HZZ and H�� vertices and a
vanishing coupling for the HZ� vertex.

The matrix elementM for VBF production is the sum of a CP-even contributionMSM from the SM and
a CP-odd contributionMCP-odd from the dimension-six operators considered:

M =MSM + d̃ · MCP-odd. (9)

The di↵erential cross section or squared matrix element has three contributions:

|M|2 = |MSM|2 + d̃ · 2 Re(M⇤SMMCP-odd) + d̃2 · |MCP-odd|2 . (10)

The first term |MSM|2 and third term d̃2 · |MCP-odd|2 are both CP-even and hence do not yield a source
of CP violation. The second term d̃ · 2 Re(M⇤SMMCP-odd), stemming from the interference of the two
contributions to the matrix element, is CP-odd and is a possible new source of CP violation 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 applying CP-symmetric selec-
tion criteria. The third term increases the total cross section by an amount quadratic in d̃, but this is not
exploited in the analysis presented here.

3 Test of CP invariance and Optimal Observable

Tests of CP invariance can be performed in a completely model-independent way by measuring the mean
value of a CP-odd observable hOCPi. If CP invariance holds, the mean value has to vanish hOCPi = 0.
An observation of a non-vanishing mean value would be a clear sign of CP violation. A simple CP-odd
observable for Higgs boson production in VBF, the “signed” di↵erence in the azimuthal angle between
the two tagging jets �� j j, was suggested in Ref. [22] and is formally defined as:

✏µ⌫⇢�bµ+p⌫+b⇢�p�� = 2pT+pT� sin(�+ � ��) = 2pT+pT� sin�� j j . (11)

Here bµ+ and bµ� denote the normalised four-momenta of the two proton beams, circulating clockwise and
anti-clockwise, and pµ+ (�+) and pµ� (��) denote the four-momenta (azimuthal angles) of the two tagging
jets, where p+ (p�) points into the same detector hemisphere as bµ+ (bµ�). This ordering of the tagging jets
by hemispheres removes the sign ambiguity in the standard definition of �� j j.
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with:

2 E↵ective Lagrangian framework
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dimension six, which can be constructed from the Higgs doublet � and the U(1)Y and SU(2)IW ,L elec-
troweak gauge fields Bµ and Wa,µ (a = 1,2,3), respectively. No CP-conserving dimension-six operators
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SM.
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fW̃W

⇤2 OW̃W +
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⇤2OB̃ (1)

with the three dimension-six operators
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+ ˆ̃Bµ⌫B̂µ⌫� OW̃W = �

+ ˆ̃Wµ⌫Ŵµ⌫� OB̃ = (Dµ�)+ ˆ̃Bµ⌫D⌫� . (2)

and three dimensionless Wilson coe�cients fB̃B, fW̃W and fB̃; ⇤ is the scale of new physics.

Here Dµ denotes the covariant derivative Dµ = @µ + i
2g
0Bµ + ig�a

2 Wa
µ , V̂µ⌫ (V = B,Wa) the field-strength

tensors and Ṽµ⌫ = 1
2✏µ⌫⇢�V⇢� the dual field-strength tensors, with B̂µ⌫ + Ŵµ⌫ = ig

0
2 Bµ⌫ + ig2�

aWa
µ⌫.

The last operator OB̃ contributes to the CP-violating charged triple gauge-boson couplings ̃� and ̃Z via

the relation ̃� = � cot2 ✓W ̃Z =
m2

W
2⇤2 fB̃. These CP-violating charged triple gauge boson couplings are

constrained by the LEP experiments [23–25] and the contribution from OB̃ is neglected in the following;
i.e. only contributions from OB̃B and OW̃W are taken into account.

After electroweak symmetry breaking in the unitary gauge the e↵ective Lagrangian in the mass basis of
Higgs boson H, photon A and weak gauge bosons Z and W± can be written, e.g. as in Ref. [26]:

Le↵ = LSM + g̃HAAHÃµ⌫Aµ⌫ + g̃HAZHÃµ⌫Zµ⌫ + g̃HZZHZ̃µ⌫Zµ⌫ + g̃HWW HW̃+µ⌫W
�µ⌫ . (3)

Only two of the four couplings g̃HVV (V = W±,Z, �) are independent due to constraints imposed by U(1)Y
and SU(2)IW ,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃B as:

g̃HAA =
g

2mW
(d̃ sin2 ✓W + d̃B cos2 ✓W) g̃HAZ =

g

2mW
sin 2✓W(d̃ � d̃B) (4)

g̃HZZ =
g

2mW
(d̃ cos2 ✓W + d̃B sin2 ✓W) g̃HWW =

g

mW
d̃ . (5)

Hence in general WW, ZZ, Z� and �� fusion contribute to VBF production. The relations between d̃ and
fW̃W , and d̃B and fB̃B are given by:

d̃ = �m2
W

⇤2 fW̃W d̃B = �
m2

W

⇤2 tan2 ✓W fB̃B . (6)

As the di↵erent contributions from the various electroweak gauge-boson fusion processes cannot be dis-
tinguished experimentally, the arbitrary choice d̃ = d̃B is adopted. This yields the following relation for
the g̃HVV :

g̃HAA = g̃HZZ =
1
2
g̃HWW =

g

2mW
d̃ and g̃HAZ = 0 . (7)
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d̃

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-06/
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H
→
ττ
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ATLAS: HIGG-2015-06 (Submitted to EPJC)

OO performs better than signΔφ(j,j).

outside [-0.11,0.05] excluded at 68% C.L..
 

This 68% C.L. limit is a factor 10 better than the one from 
the ATLAS H→WW/ZZ combined CP analysis.

d̃

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-06/
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Clean final state, but small BR and overwhelming Z/γ*→µµ background. 
Event categorization based on jet multiplicity, pT(µµ) and m(µµ) resolution. 
Cut based analysis with fit of m(µµ) with analytical bkg/signal shapes. 

9

ATLAS: Phys. Lett. B 738 (2014) 68
CMS: Phys. Lett. B 744 (2015) 184
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Signature very similar to SM H→ττ decays, but:
lepton from LFV Higgs decay tends to have a larger momentum 
than in SM case 
neutrinos are collinear with the tau decay products. 

Event categorization based on mT (ATLAS) or number of jets (CMS).
Fit of τ+lepton collinear mass or MMC.
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ATLAS: JHEP 11 (2015) 211 and new paper in preparation
CMS: Phys. Lett. B 749 (2015) 337 and CMS-PAS-HIG-14-040In the SM, lepton flavor violating (LFV) decays are forbidden.

If the theory is re-normalizable up to a finite mass scale, LFV 
couplings may be introduced.

LFV decays can occur naturally in several BSM models.

BR(H→µe) < O(10−8) 
BR(H→τe) < O(10%) 
BR(H→τµ) < O(10%) 

LFV decay:
limits on BR

W+jets

Z→ττ+jets

Channel summary: CMS & ATLAS

e µ

τl τµ✔✔ τe✔✔

τh ✔✔ ✔✔

http://link.springer.com/article/10.1007/JHEP11(2015)211
http://www.sciencedirect.com/science/article/pii/S0370269315005638
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-040/index.html
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observed 95% CL upper 
limit on BR: 

Br(H→μτ) < 1.51% 

observed 95% CL upper 
limit on BR: 

Br(H→μτ) < 1.85% 
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observed 95% CL upper 
limit on BR: 

Br(H→eτ) < 0.69% 

observed 95% CL upper 
limit on BR: 

Br(H→eτ) < 1.04%
Br(H→μτ) < 1.43% 
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H
→

bb

Inclusive search for H→bb 
not feasible at hadron 
colliders because of the 
overwhelming background 
from multi-jet production. 
Associated production 
offers a viable alternative 
(can use leptons from  
W/Z for triggering and 
background suppression).
Event categorization 
based on lepton, jet and  
b-tagged jet multiplicities.
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VH
ATLAS: JHEP 01 (2015) 069
CMS: PRD 89 (2014) 012003
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H
→

bb

Event 
categorization 
based on lepton, 
jet and b-tagged 
jet multiplicities. 
Multivariate 
techniques with 
fit of final 
discriminant for 
categories with 
larger S/B used 
by ATLAS. 
Analytical 
matrix element 
method (MEM) 
used by CMS.
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Heavy-quark couplings in both production and decay. ttH
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ATLAS: Eur. Phys. J. C 75 (2015) 349
CMS: Eur. Phys. J. C 75 (2015) 251

http://link.springer.com/article/10.1140/epjc/s10052-015-3543-1
http://link.springer.com/article/10.1140/epjc/s10052-015-3454-1
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H
→

bb
The fully hadronic 
channel has the highest 
BR but the least signal 
purity.
Event categorization 
based on number of jets 
and b-tagged jets.
Multivariate analysis.
Data-driven method for 
the extraction of main 
background from 
multi-jet events, using 
data sample with same 
jet multiplicity but lower 
b-tagged jet multiplicity.
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ATLAS: paper in preparation
ttH full hadronic

new ttH 
combination

Combination of all 
ttH(bb) channels
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ATLAS: ATLAS-CONF-2015-044
CMS: CMS-PAS-HIG-15-002ATLAS and CMS combination for the measurement of Higgs 

boson production and decay rates and constraints on its couplings.
Full Run1 data sample: 5 fb-1 at 7 TeV and 20 fb-1 at 8 TeV.

�i ·BRf = �(gg ! H ! ZZ)⇥ (
�i

�ggF
)⇥ (

BRf

BRZZ
)

Using gg→H→ZZ as a reference:

Observed with 5.4σ significance (4.7σ exp.)

VH: 3.5σ significance ( 4.2σ exp.)

Observed with 5.5σ significance (5.0σ exp)

2.4σ excess over SM prediction for ttH 
(4.4σ obs. and 2.0σ exp.)

16% compatibility 
with the SM

2.5σ deficit compared to SM prediction

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-044/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-002/
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Production process ATLAS+CMS ATLAS CMS

µggF 1.03+0.17
�0.15 1.25+0.24

�0.21 0.84+0.19
�0.16

µVBF 1.18+0.25
�0.23 1.21+0.33

�0.30 1.13+0.37
�0.34

µWH 0.88+0.40
�0.38 1.25+0.56

�0.52 0.46+0.57
�0.54

µZH 0.80+0.39
�0.36 0.30+0.51

�0.46 1.35+0.58
�0.54

µttH 2.3+0.7
�0.6 1.9+0.8

�0.7 2.9+1.0
�0.9

Decay channel ATLAS+CMS ATLAS CMS

µ�� 1.16+0.20
�0.18 1.15+0.27

�0.25 1.12+0.25
�0.23

µZZ 1.31+0.27
�0.24 1.51+0.39

�0.34 1.05+0.32
�0.27

µWW 1.11+0.18
�0.17 1.23+0.23

�0.21 0.91+0.24
�0.21

µ⌧⌧ 1.12+0.25
�0.23 1.41+0.40

�0.35 0.89+0.31
�0.28

µbb 0.69+0.29
�0.27 0.62+0.37

�0.36 0.81+0.45
�0.42

Higgs boson production processes and decay channels, in particular those which are expected to be small
in the SM but might be enhanced if new physics beyond the SM would be present.

Table 8 shows the results of the fit to the data with a breakdown of the statistical and total systematic
uncertainties, while the complete breakdown into the four components of the uncertainties is shown
in Table 19 in Appendix A. The assumptions that the coupling modifiers are the same at the two centre-of-
mass energies is assumed to be valid in this case as in the parameterisation of the ratios of cross sections
and branching ratios. These tables only show the values and uncertainties for positive values of all the
parameters, while Fig. 9 illustrates the complete ranges of allowed values with their total uncertainties,
including the negative ranges allowed for �WZ and � tg , the two parameters chosen to illustrate possible
interference e�ects due to ggZ H or tH production. Figure 10 shows the likelihood scan results for
these two parameters in the case of the combination of ATLAS and CMS, both for the observed and
expected results. In both cases, the best-fit values correspond to the positive sign, but the sensitivity to the
interference terms remains small at this stage. As described in Section 2.4, these are responsible for the
small asymmetry between the likelihood curves for the positive and negative values of these parameters
of interest. The p-value of the compatibility between the data and the SM predictions is 13%. As for the
first generic parameterisation, all results are consistent with the SM predictions within less than 2� except
for �bZ and �tg which reflect similar tensions to those described in Section 4.1 for the measurement of
the ratios of the bb and Z Z decay branching ratios and of the ttH and ggF production cross sections.

5. Measurements of signal strengths

In Section 4.1, the fit results from a generic parameterisation, expressed mostly as ratios of cross sections
and of branching ratios, have been shown. This section probes more specific parameterisations with
additional assumptions. In the following, results from the fits are presented starting with the most
restrictive parameterisation as a function of a single parameter of interest, which has historically been
the approach to assess the sensitivity of the experimental data to the presence of a Higgs boson. The
results are obtained from the combined fits to the

p
s = 7 and 8 TeV data under the premise that the signal

strengths are the same at the two energies.

5.1. Global signal strength

The simplest and most restrictive signal strength parameterisation is to assume that the µi and µf values
are the same for all production processes and decay channels. In this case, the SM predictions of signal
yields in all categories are scaled by a global signal strength µ. Such a parameterisation provides the
simplest test of the compatibility of the experimental data with the SM predictions. A fit to the combined
ATLAS and CMS data at

p
s = 7 and 8 TeV with µ as the parameter of interest results in the best-fit

value:
µ = 1.09+0.11

�0.10 = 1.09+0.07
�0.07 (stat) +0.04

�0.04 (expt) +0.03
�0.03 (thbgd)+0.07

�0.06 (thsig),

where the breakdown of the uncertainties into their four main components is done as described in Sec-
tion 3.3. The overall systematic uncertainty of +0.09

�0.08 is larger than the statistical uncertainty and its largest
component is the theoretical uncertainty on the ggF cross section. This result is consistent with the SM
expectation of µ = 1 within less than 1� and the p-value of the compatibility between the data and the SM
predictions is 34%. This result is shown in Table 9, together with that from each experiment, including

26

µf
i =

�i ·BRf

(�i)SM · (BRf )SM
= µi ⇥ µf

Production modes Decay modes

24% compatibility 
with the SM

60% compatibility 
with the SM
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Coupling modifiers have been proposed to interpret the LHC data using specific modifications of 
the Higgs boson couplings related to new physics beyond the SM.
“k-framework”:

assuming exactly same coupling structure as SM,
modify couplings with LO degrees of freedom.

18

�i = 2
i · �i(SM)

�f = 2
f · �f (SM)

Changes in the couplings will result in a 
variation of the Higgs boson width. 

Assume no BSM contribution or allow 
additional BSM contribution to the width.

µf
i =

�i ·BRf

�i(SM) ·BRf (SM)
=

2
i · 2

f

�H/�H(SM)

Two scenarios considered:
BR(BSM) = 0
kV≤1 and BR(BSM) free

upper limit of 0.34 at 95% CL is 
obtained for BR(BSM).
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The search for Higgs fermionic decays is an essential piece of the 
Higgs puzzle. 

H→ττ decays have been observed.
Many measurements in this final state were done on Run1 data, 
looking at different production modes. 
A new method to check the CP invariance in the VBF 
production has been established.

H→μμ and H→bb have been looked for.
More data is needed for an observation.

Lepton flavor violating decays have been looked for and new 
upper limits on Br(H→eτ) and Br(H→µτ) have been set.

Run1 data gave us the Higgs. 
Run2 will give us the opportunity to explore it even more.
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