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Two big discoveries
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Top quark
4th of July 2012 - ATLAS & CMS

Higgs boson
2nd of March 1995 - CDF & D0
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Two big discoveries

3

Top quark
4th of July 2012 - ATLAS & CMS

Higgs boson

EXCITING era for particle physics!

• Top quark properties well measured at 
CDF and D0 at 1.96TeV; 

• Complementary measurements by 
ATLAS and CMS at 7, 8, 13 TeV;

Please see dedicated talks at 
the conference!

• Measurements of the Higgs boson 
properties at ATLAS and CMS showed 
no deviation from SM at the current 
precision.

Need more data to pin down 
its nature completely.

2nd of March 1995 - CDF & D0
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Outline

4

Interplay between the Higgs and top masses

• Most precise Higgs boson mass measurement: 

• Top mass measurement covered in dedicated talk by Oleg Brandt (WG 6); 

• Constraints from the current mass measurements. 

Higgs-top Yukawa coupling measurement

• Most precise coupling measurement - LHC Run 1 ATLAS+CMS combination  
and importance of individual channels. 

ttH̄ production measurement

• Most sensitive channel to directly probe Higgs-top-Yukawa coupling; 

• H→bb, H→WW/ZZ/ττ. H→γγ considered; 

tH production measurement

• Direct test of sign and magnitude of Higgs-top-Yukawa coupling. 

Search for BSM charged Higgs bosons within top sector
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Higgs boson mass and top quark 
mass interplay
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Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Higgs mass - ATLAS+CMS Run1

• Measured using H→γγ and H→ZZ→4l channels Phys. Rev. Lett. 114, 191803 

6

2D likelihood contours as a function of signal 
strength for γγ, 4l and combined channels.

H→γγ:  2.1σ

Combined: <1σ
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 Run 1LHC
γγ→H ATLAS

l4→ZZ→H ATLAS
γγ→H CMS

l4→ZZ→H CMS
All combined

Best fit
68% CL mH=125.09 ± 0.24 GeV  

Most precise measurement:

ATLAS/CMS compatibility

H→ZZ→4l:  1.3σ

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Constraints from Higgs and top masses
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Fig. 2 Contours at 68 and 95 % CL obtained from scans of MW ver-
sus mt (top) and MW versus sin2θℓ

eff (bottom), for the fit including MH
(blue) and excluding MH (grey), as compared to the direct measure-
ments (vertical and horizontal green bands and ellipses). The theoretical
uncertainty of 0.5 GeV is added to the direct top-mass measurement. In
both figures, the corresponding direct measurements are excluded from
the fit. In the case of sin2θℓ

eff , all partial and full Z width measurements
are excluded as well (except in case of the orange prediction), besides
the asymmetry measurements

sin2θℓ
eff and MW . The coloured ellipses indicate: green for

the direct measurements; grey for the electroweak fit with-
out using MW , sin2θ

f
eff , MH and the Z width measurements;

orange for the fit without using MW , sin2θ
f

eff and MH ; blue
for the fit without MW , sin2θ

f
eff and the Z width measure-

ments. For both figures the observed agreement demonstrates
the consistency of the SM.

Figure 3 shows CL profiles for the observable pair sin2θℓ
eff

and MW , but with the theoretical uncertainty on the top mass
varied between 0 and 1.5 GeV, in steps of 0.5 GeV. Assuming
a value of δtheomt = 1.5 GeV, the uncertainty becomes dom-
inant. It underlines that a better assessment of the theoretical
mt uncertainty is of relevance for the fit.

2.4 Oblique parameters

If the new physics scale is significantly higher than the elec-
troweak scale, new physics effects from virtual particles in
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Fig. 3 Contours at 95 % CL obtained from scans of MW versus
sin2θℓ

eff , with the top-mass theoretical uncertainty varied between 0
and 1.5 GeV in steps of 0.5 GeV, as compared to the direct measure-
ments (vertical and horizontal green bands). The corresponding direct
measurements are excluded from the fit

loops are expected to contribute predominantly through vac-
uum polarisation corrections to the electroweak precision
observables. These terms are traditionally denoted oblique
corrections and are conveniently parametrised by the three
self-energy parameters S, T, U [50,51]. These are defined to
vanish in the SM and are closely related to the ϵ1,2,3 param-
eters [52,53].

The S and T parameters absorb possible new physics con-
tributions to the neutral and to the difference between neutral
and charged weak currents, respectively. The U parameter
is only sensitive to changes in the mass and width of the
W boson. It is very small in most new physics models and
therefore often set to zero.

Constraints on the S, T, U parameters can be derived from
the global electroweak fit by calculating the difference of
the oblique corrections as determined from the experimental
data and the corrections obtained from an SM reference point
(with fixed reference values of mt and MH ). With this def-
inition significantly non-zero S, T, U parameters represent
an unambiguous indication of new physics.

For the studies presented here we use the SM reference as
MH,ref = 125 GeV and mt,ref = 173 GeV. We find

S =0.05 ± 0.11, T =0.09 ± 0.13, U =0.01 ± 0.11,

(4)

with correlation coefficients of +0.90 between S and T ,
−0.59 (−0.83) between S and U (T and U ). Fixing U = 0
one obtains S|U=0 = 0.06±0.09 and T |U=0 = 0.10±0.07,
with a correlation coefficient of +0.91. The constraints on S
and T for a fixed value of U = 0 are shown in Fig. 4. The
propagation of the current experimental uncertainties in MH
and mt upon the SM prediction is illustrated by the small
black area at about S = T = 0.
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• The top mass, the W mass, and the Higgs mass are related through radiative 
corrections;

• Before the Higgs boson discovery, the indirect constraint on its mass was based on 
direct top quark and W boson mass measurements at Tevatron and LEP, and 
requirement for the consistency of the electroweak theory as a quantum field theory. 

• Where do we stand now?
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Consistency check of the SM (top-W-Higgs) Stability of the EW vacuum

Future precise measurements of the m(H), m(W), 
m(t) could unveil a discrepancy that might lead to 

the discovery of new physics
Do we live in the stable vacuum?

https://arxiv.org/pdf/1307.3536v4.pdf
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Fig. 2 Contours at 68 and 95 % CL obtained from scans of MW ver-
sus mt (top) and MW versus sin2θℓ

eff (bottom), for the fit including MH
(blue) and excluding MH (grey), as compared to the direct measure-
ments (vertical and horizontal green bands and ellipses). The theoretical
uncertainty of 0.5 GeV is added to the direct top-mass measurement. In
both figures, the corresponding direct measurements are excluded from
the fit. In the case of sin2θℓ

eff , all partial and full Z width measurements
are excluded as well (except in case of the orange prediction), besides
the asymmetry measurements

sin2θℓ
eff and MW . The coloured ellipses indicate: green for

the direct measurements; grey for the electroweak fit with-
out using MW , sin2θ

f
eff , MH and the Z width measurements;

orange for the fit without using MW , sin2θ
f

eff and MH ; blue
for the fit without MW , sin2θ

f
eff and the Z width measure-

ments. For both figures the observed agreement demonstrates
the consistency of the SM.

Figure 3 shows CL profiles for the observable pair sin2θℓ
eff

and MW , but with the theoretical uncertainty on the top mass
varied between 0 and 1.5 GeV, in steps of 0.5 GeV. Assuming
a value of δtheomt = 1.5 GeV, the uncertainty becomes dom-
inant. It underlines that a better assessment of the theoretical
mt uncertainty is of relevance for the fit.
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and 1.5 GeV in steps of 0.5 GeV, as compared to the direct measure-
ments (vertical and horizontal green bands). The corresponding direct
measurements are excluded from the fit

loops are expected to contribute predominantly through vac-
uum polarisation corrections to the electroweak precision
observables. These terms are traditionally denoted oblique
corrections and are conveniently parametrised by the three
self-energy parameters S, T, U [50,51]. These are defined to
vanish in the SM and are closely related to the ϵ1,2,3 param-
eters [52,53].

The S and T parameters absorb possible new physics con-
tributions to the neutral and to the difference between neutral
and charged weak currents, respectively. The U parameter
is only sensitive to changes in the mass and width of the
W boson. It is very small in most new physics models and
therefore often set to zero.

Constraints on the S, T, U parameters can be derived from
the global electroweak fit by calculating the difference of
the oblique corrections as determined from the experimental
data and the corrections obtained from an SM reference point
(with fixed reference values of mt and MH ). With this def-
inition significantly non-zero S, T, U parameters represent
an unambiguous indication of new physics.

For the studies presented here we use the SM reference as
MH,ref = 125 GeV and mt,ref = 173 GeV. We find

S =0.05 ± 0.11, T =0.09 ± 0.13, U =0.01 ± 0.11,

(4)

with correlation coefficients of +0.90 between S and T ,
−0.59 (−0.83) between S and U (T and U ). Fixing U = 0
one obtains S|U=0 = 0.06±0.09 and T |U=0 = 0.10±0.07,
with a correlation coefficient of +0.91. The constraints on S
and T for a fixed value of U = 0 are shown in Fig. 4. The
propagation of the current experimental uncertainties in MH
and mt upon the SM prediction is illustrated by the small
black area at about S = T = 0.
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• The top mass, the W mass, and the Higgs mass are related through radiative 
corrections;

• Before the Higgs boson discovery, the indirect constraint on its mass was based on 
direct top quark and W boson mass measurements at Tevatron and LEP, and 
requirement for the consistency of the electroweak theory as a quantum field theory. 

• Where do we stand now?
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Consistency check of the SM (top-W-Higgs) Stability of the EW vacuum

Future precise measurements of the m(H), m(W), 
m(t) could unveil a discrepancy that might lead to 

the discovery of new physics
Do we live in the stable vacuum?
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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https://arxiv.org/pdf/1307.3536v4.pdf
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Higgs-top Yukawa coupling
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Higgs couplings measurement
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Figure 12: Best-fit results for the decay signal strengths for the combination of ATLAS and CMS. Also shown for
completeness are the results for each experiment. The error bars indicate the 1� intervals.

The rather large measured value of the combined µt tH leads to a tension between the observed ggF signal
strength and that for ttH production in cases such as the fit of the decay signal strengths, for which the
production cross sections are constrained to their SM values. This is mitigated to a certain extent by
a non-negligible pull of the gluon PDF nuisance parameter used for the Higgs boson signal, which is
anti-correlated between ggF and ttH production. This pull reduces the SM prediction of �ggF and, as a
consequence, the decay signal strengths of the channels mainly sensitive to ggF production are enhanced
for the combination of ATLAS and CMS. In the case of the H ! �� decay channel, which is mostly
sensitive to ggF production and for which the measurements of the two experiments are much closer to
each other than their overall uncertainty, this e�ect is most visible, but corresponds to only ⇠ 10% of the
total uncertainty. This explains the slightly larger measured combined value of µ�� compared to that of
the individual experiments.

From the combined likelihood scans it is possible to evaluate the significances for the observation of the
di�erent production processes and decay channels. The combination of the data from the two experiments

30

Parameter value
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σ 2±

Figure 11: Best-fit results for the production signal strengths for the combination of ATLAS and CMS. Also shown
for completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The measurements of the global signal strength µ are also shown.

28

• Most precise constraints on Higgs couplings performed through parametrisation of all 
accessible production and decay modes,  ATLAS+CMS Run 1 - JHEP 08 (2016) 045

• Measured signal strength μ, μ=σ/σSM in individual production and decay modes;

All measurements compatible with 
SM predictions 

Production modes Decay modes

http://link.springer.com/article/10.1007/JHEP08(2016)045
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Hunting the Higgs-top Yukawa coupling

11

Direct measurement 

• Direct measurement in ttH̄  
production

2

Motivation

● A�er the Higgs discovery the main focus is on the measurement of its proper�es

● couplings to fermions and gauge bosons

● Top quark is the most strongly-coupled SM par�cle with Yt ~ 1

● Already indirect constraints on the top-

Higgs Yukawa coupling 

● assumes no new par�cles in the loop

● Direct measurement of Yt in tH 

produc�on 

● allows probing new physics in ggH 

and γγH e&ec�ve ver�ces

Higgs produc�on Higgs decay

t,b,? t,W,?

tH produc�on

Indirect constraints:

• loops in ggF and H ➔ γγ vertices;

• assuming only SM particles 
contributing to the loops.

Search for ttHMark Owen

Backgrounds

6

t̄

t

H
yt

b

b̄

W�

W+

b

b̄
t

t̄

• Background from ttbar+jets estimated using 
MC, corrected to match differential ttbar 
measurements.

• Classification is done using truth level 
information, small differences CMS / ATLAS:

11

• H ➔ γγ: interference between top 
quark and W boson in the loop;

• ZH production and H->Zγ: 
interference between top quark and 
W-boson contribution in the loop.

• tH production:  interference 
between top-mediated and  
W-mediated diagrams;

Sensitive to yt2 

Sensitive to yt 
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Coupling measurement methodology

12

Assumptions:

• Observed signal originates from the single resonance;

• Narrow width approximation:

• Parametrise deviations with only coupling strength modifiers {κx}.

Procedure:

• Scale SM cross-section and partial widths as a function of parameters {κx}:

• In case of loop processes κx can be expressed as a function of more fundamental κy;

• If BSM decays are allowed, scale down all SM decays uniformly.

! Coupling deviation from SM predictions are defined as multiplicative modifiers �: 

 

•   Allow possible BSM contributions in: 
   -  the total decay width, �2

H  (SM only: �H
2  ~ 0.25�V

2 + 0.75�F
2 )  

   -  gluon and photon vertex loops coupling modifiers (�g ,�y) 

    →�g
2 ~ 1.06 �t

2 - 0.07 �t�b +0.01 Kb
2     

     → ��2 ~  1.59 �W
2 – 0.66 �W�t +0.07 �t 

Disentangling H Couplings 

•  The production × decay are always sensitive at LO to a linear combination 
    of products of two couplings ⇔ model assumptions required to disentangle 

e.g. Prescription from HXSWG in arXiv:1209.0040   

! i
2 =

" i

" i
SM

! !"i =
! i !"i

"H

! j
2 =

! j

! j
SM

Consider a narrow width approximation 

Introduce SM modifiers for production                 and decay 

And  

•  Define benchmark scenarios: 

!H
2 =

!
j

2! "SM
j

"H
SM

!WZ =
"W

"Z

( λWZ = 1 in SM ) 

- Assume either only SM particles in the loops,  
  or  
  “new physics” in width or loops (allowing or not invisible decay) 

- Test custodial symmetry :    

- Test bosonic & fermionic couplings: consider                    & !V (=!W =!Z ) ! f (=! l =!q )
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Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H → γγ, H→ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

σ · B (gg→ H → γγ)
σSM(gg→ H) · BSM(H → γγ)

=
κ2
g · κ

2
γ

κ2
H

(7)

In some of the fits, κH and the effective scale factors
κγ and κg for the loop-induced H → γγ and gg → H
processes are expressed as a function of the more fun-
damental factors κW , κZ , κt, κb and κτ (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

κ2
g(κb, κt) =

κ2
t · σ

tt
ggH + κ

2
b · σ

bb
ggH + κtκb · σ

tb
ggH

σttggH + σ
bb
ggH + σ

tb
ggH

κ2
γ(κb, κt, κτ, κW) =

∑

i, j κiκ j · Γ
i j
γγ

∑

i, j Γ
i j
γγ

(8)

κ2
H =

∑

j j=WW∗ , ZZ∗ , b  b, τ−τ+,

γγ, Zγ, gg, t  t, c c, s  s, µ−µ+

κ2
jΓ

SM
j j

ΓSM
H

where σi jggH , Γi jγγ and ΓSM
f f are obtained from theory [14,

15, 119].
Results are extracted from fits to the data using the

profile likelihood ratio Λ(κ), where the κ j couplings are
treated either as parameters of interest or as nuisance
parameters, depending on the measurement.

The assumptions made for the various measurements
are summarised in Table 10 and discussed in the next
sections together with the results.

Figure 10: Likelihood contours (68% CL) of the coupling scale fac-
tors κF and κV for fermions and bosons (benchmark model 1 in Ta-
ble 10), as obtained from fits to the three individual channels and their
combination (for the latter, the 95% CL contour is also shown). The
best-fit result (×) and the SM expectation (+) are also indicated.

7.4.1. Couplings to fermions and bosons
The first benchmark considered here (indicated as

model 1 in Table 10) assumes one coupling scale fac-
tor for fermions, κF , and one for bosons, κV ; in this sce-
nario, the H → γγ and gg → H loops and the total
Higgs boson width depend only on κF and κV , with no
contributions from physics beyond the Standard Model
(BSM). The strongest constraint on κF comes indirectly
from the gg→ H production loop.

Figure 10 shows the results of the fit to the data for
the three channels and their combination. Since only
the relative sign of κF and κV is physical, in the follow-
ing κV > 0 is assumed. Some sensitivity to this relative
sign is provided by the negative interference between
the W-boson loop and t-quark loop in the H → γγ de-
cay. The data prefer the minimum with positive relative
sign, which is consistent with the SM prediction, but
the local minimum with negative sign is also compati-
ble with the observation (at the ∼ 2σ level). The two-
dimensional compatibility of the SM prediction with the
best-fit value is 12%. The 68% CL intervals of κF and
κV , obtained by profiling over the other parameter, are:

κF ∈ [0.76, 1.18] (9)
κV ∈ [1.05, 1.22] (10)

with similar contributions from the statistical and sys-
tematic uncertainties.

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling κF ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio λFV = κF/κV can be measured
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Disentangling H Couplings 

•  The production × decay are always sensitive at LO to a linear combination 
    of products of two couplings ⇔ model assumptions required to disentangle 

e.g. Prescription from HXSWG in arXiv:1209.0040   
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! j
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Consider a narrow width approximation 

Introduce SM modifiers for production                 and decay 

And  

•  Define benchmark scenarios: 

!H
2 =

!
j

2! "SM
j

"H
SM

!WZ =
"W

"Z

( λWZ = 1 in SM ) 

- Assume either only SM particles in the loops,  
  or  
  “new physics” in width or loops (allowing or not invisible decay) 

- Test custodial symmetry :    

- Test bosonic & fermionic couplings: consider                    & !V (=!W =!Z ) ! f (=! l =!q )
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Factorizing

I Production Modes

I Fermions v. Bosons

I Up v. Down

I Leptons v. Quarks

I W v. Z : Custodial Sym.

I Photon, Gluon Loops

I Unobs. or Invisible

g
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t,b
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q

q q

q
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q
W/Z

h

W/Z

Production Modes
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W

h
W/Z

W/Z

b,τ
h

b,τ

h
t,bt,b

Decays
γ

γ
γ

γ
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Couplings Measurement Methodology 
Basic assumptions: 

•  Observed signals originated from a single resonance at 
m =125.5 GeV  

•  Narrow-width approximation is used: 

•  L tensor structure is the same as SM (0+): 
•  Only modification of the coupling strength are taken into account 
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Ref%[14,15]%

05/06/14 L. Aperio Bella (PLHC 2014) 

Tested many scenarios:

• Fermion versus vector boson couplings, up quark VS down quark couplings: also provide 
constraints on BSM 

• Generic model - simultaneous fit of all modifiers, etc…

Predrag Milenovic, University of Florida LHC Physics Conference, New York, 2014

Search for deviations - Couplings

• Search for deviations from SM in the scalar couplings (LHC XS WG benchmarks)"

• Assumptions:"
• Observed signals originate from a single narrow resonance"

• Parametrise deviations only with couplings strengths modifiers {!x}"

• Procedure: 
• Scale SM x-sections & SM partial widths as function of parameters {!x}.  
 
 "

• If BSM decays are allowed - scale down all SM decays uniformly"

• Scenarios: 
• Fermion vs. vector boson couplings and asymmetries in couplings"

• Searches for new physics in loops and decays"

• Simultaneous fit of coupling modifiers

8

In cases of loop processes, !x can be expressed as a function of more fundamental !y

arXiv:1307.1347

https://arxiv.org/abs/1307.1347
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• parameterisation assuming the 
absence of BSM particles in the 
loops, BRBSM = 0, κj > 0;

Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

µκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±

Figure 17: Best-fit values of parameters for the combination of ATLAS and CMS and separately for each experiment,
for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and  j � 0. The
uncertainties are not indicated when the parameters are constrained and hit a boundary, namely  j = 0.

6.3.1. Probing the up- and down-type fermion symmetry

The parameterisation for this test has as free parameters �du = d/u , �Vu = V /u and uu = u ·u/H .
The up-type fermion couplings are mainly probed by the ggF production process, the H ! �� decay
channel and to a certain extent by the ttH production process. The down-type fermion couplings are
mainly probed by the H ! bb and H ! ⌧⌧ decays and a small sensitivity to the relative sign comes from
the interference between top and bottom quarks in the gluon fusion loop.

The results of the fit are reported in Fig. 19 and in Table 16. The corresponding likelihood scan for the
�du parameter and for the combination of ATLAS and CMS is shown in Fig. 20. The p-value of the
compatibility between the data and the SM predictions is 67%.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that in Section 6.3.1 which probes the up- and down-type
fermion symmetry. In this case, the free parameters are �lq = l/q , �Vq = V /q and qq = q · q/H .
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Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

BSMBR

γκ

gκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS

 1≤ Vκ
=0BSMBR

σ 1±
σ 2±

Figure 14: Fit results for the two parameterisations allowing BSM loop couplings, with V  1, where V stands
for Z or W , or without additional BSM contributions to the Higgs boson width, i.e. BRBSM = 0. The measured
results for the combination of ATLAS and CMS are reported together with their uncertainties. The error bars
indicate the 1� (thick lines) and 2� (thin lines) intervals. The uncertainties are not indicated when the parameters
are constrained and hit a boundary, namely V = 1 or BRBSM = 0.
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• two parameterisations allowing 
loop couplings, with either 
κV(W,Z) ≤ 1or BRBSM = 0;

κt strongly depends 
on the assumptions
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To resolve the loops or not?
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improves the precision on t (green curve), but reduces the sensitivity to the relative sign of t and W .
This reduction happens because on one hand the ggF process yields no new information on this relative
sign, as it is dominated by t–b interference, and on the other hand because it decreases the observed
magnitude of t to a more SM-compatible level, thereby reducing the sensitivity of the tH process to the
relative sign. Further resolving the H! �� and H ! Z� loop processes, which are dominated by W–t
interference, greatly improves the measurement of the relative sign of W and t (orange curve), but does
not significantly contribute to the precision of the magnitude of t .
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ggZHκObs. tH, γZκ,γκ,gκ,ggZHκExp. tH,

gκ,ggZHκObs. tH,
γZκ,γκ,gκ,ggZHκObs. tH,

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

Figure 25: Profile likelihood ratio as a function of t for models with and without resolved loop processes: shown
are measurements of t with no loop processes resolved (blue), only gg ! ZH resolved (red, generic model 2),
gg ! H additionally resolved (green), and H! �� and H ! Z� additionally resolved (orange, generic model
1). The dashed blue and orange curves correspond to the expected sensitivity for the no-loop and all-loop models.
All profile likelihood curves are drawn for the full range of t , however some curves are partially obscured when
overlapping with another nearly identical curve. The red (green) horizontal line indicates the value of the profile
likelihood ratio corresponding to a 68% (95%) confidence interval for the parameter of interest, assuming the
asymptotic �2 distribution for the test statistic.

5.5.3. Generic model 3: allow new particles in loops, no assumptions on the total width

In the final benchmark model of this section, the six absolute coupling-strength scale factors and three
e↵ective loop-coupling scale factors of generic model 2 are expressed as ratios of scale factors that can
be measured independent of any assumptions on the Higgs boson total width. The free parameters are
chosen as:
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• Sensitivity to κt depends strongly on the assumptions on the contributions in the loops;

“Resolved loops” scenario:

• only SM particles contribute  
to the loop diagrams;

• no new particles that the Higgs boson 
can decay into (BRBSM=0);

• Resolving ggF & H→γγ loops pins 
down κt2 & sgn κt.

“No resolved loops” scenario:

• allowing BSM effects to modify independently each loop;

• independent κ-modifier for γγ, gg, and Zγ vertices;

• still no new particles the Higgs boson can decay into (BRBSM=0) 

• sensitivity on κt completely dominated by ttH̄ analyses.

Dao Valerio TU Dresden seminar

To resolve (the loops) or not to resolve

�37

✦ Sensitivity to !t strongly depends on the assumptions on the contribution from loop diagrams.
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Eur. Phys. J. C76 (2016) 6

http://link.springer.com/article/10.1140/epjc/s10052-015-3769-y
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ttH̄ - final states
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t tH̄: which final states?

�9

✦ bb̄ (57%): largest branching ratio 
[problems with combinatorics]

✦ ττ (6%): use both leptonic and 
hadronic τ decay modes

✦ WW* (22%): further penalties from leptonic 
BR decays, no mass peak reconstruction

✦ ZZ* (2.8%): excellent mass resolution, very 
low branching ratio in fully leptonic 
channels

Higgs boson decay

purity & 
precision

large BR &!
large bkgd

✦ γγ (0.23%): excellent mass resolution

Dao Valerio TU Dresden seminar

t tH̄: which final states?

�10

τ+τ   1%

τ+µ   2%

τ+e   2
%

µ+µ   1%

µ+e  
 2%

e+e 
  1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

tt̄ decay

“all hadronic”: difficulties to trigger 
over the event. No neutrinos in the 
final state.

“lepton+jets”: exploit lepton for 
triggering/background reduction. Good 
compromise between purity and statistics. 

“di-lepton”: very clean final state, 
large penalty from small leptonic BR, 
difficult to perform ttbar reconstruction 
with neutrinos

[can also consider final states with hadronically decaying τ]

purity & 
precision

large BR &!
large bkgd

✕✕

Large BR  
Large background

Small BR  
Purity and precision

Broad spectrum of analyses covering multiple final states:

• generally combine low BR Higgs decay with high BR t t ̄decay and vice-versa;

• t t ̄decay products help selection of signal and the reduction of non-t t ̄backgrounds, but 
combinatorics increased when attempting to reconstruct the Higgs boson candidate.

�(tt̄H) = 507fb�1 @ 13TeV

1%�(H)

ttH production BR(H) BR(tt)̄
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Experimental challenges
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• electrons / muons:  precise (sub % level) 
energy / momentum calibration, understanding of 
identification efficiency, trigger rate;

• hadronically decaying taus:  energy calibration, 
controlling rate from misidentified jets and electrons. 

• photons:  energy calibration, precise identification, 
direction determination (pointing). 

• jets:  precise calibration (% level), stability in 
presence of large pile-up.

• missing transverse energy:  stability in 
presence of large pile-up 

• b-jets Good understanding of signal efficiency and 
misidentification rate. 

Large variety of final states - good understanding of all reconstructed objects 

t/b

g

g

H

(a)

W/Z

W/Z

q̄0

q

q̄0

q

H

(b)

Figure 1: Leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF production
processes.
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Figure 2: Leading-order Feynman diagrams of Higgs boson production via the (a) qq̄ ! V H and (b,c) gg ! Z H
production processes.
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Figure 3: Leading-order Feynman diagrams of Higgs boson production via the qq̄/gg ! tt̄H and qq̄/gg ! bbH
processes.

The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.

5

H

1 Introduction

After its restart in 2015, the Large Hadron Collider (LHC) [1] has been producing proton–proton (pp)
collisions at a centre-of-mass energy of

p
s = 13 TeV, giving the collider experiments access to a so far

unexplored kinematic range. It is important to measure all accessible Standard Model (SM) processes at
the new centre-of-mass energy, compare the results to the corresponding theoretical SM predictions, and
look for deviations which might result from energy-dependent non-SM couplings. In this article, inclusive
cross-section measurements of the dominant single-top-quark production mechanism are presented.

At leading order (LO) in perturbation theory, single top-quark production is described by three subpro-
cesses that are distinguished by the virtuality of the exchanged W boson. The dominant process is the
t-channel exchange depicted in Figure 1, which is the subject of the measurements presented in this art-
icle. A light quark from one of the colliding protons interacts with a b-quark from another proton by
exchanging a virtual W boson. Since the valence u-quark density of the proton is about twice as high
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processes are the associated production of a W boson and a top quark (Wt) and the s-channel production
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to an integrated luminosity of 3.2 fb=1. Separate measurements of tq and t̄q production provide sensitivity
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the SM, the coupling is given by the Cabibbo–Kobayashi–Maskawa (CKM) matrix element Vtb [3, 4]
multiplied by the universal electroweak coupling constant. Non-SM contributions can be encapsulated
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Analysed final states
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• Focus on the latest 13 TeV results - ATLAS (13.3fb-1) and CMS (12.9fb-1); 

• H→bb:  ATLAS-CONF-2016-080 ,  CMS-PAS-HIG-16-038 (previous 13TeV result)           
JHEP 05 (2016) 160  - Run 1 all-hadronic channel;

• H→γγ:  ATLAS-CONF-2016-067 , CMS-PAS-HIG-16-020 ;

• H→leptons:  ATLAS-CONF-2016-058 ,   
CMS-PAS-HIG-16-022  (previous 13TeV result);

• ttH combination:  ATLAS-CONF-2016-068.

H→bb H→γγ H→WW* H→ττ H→ΖΖ*
tt-̄allhad Y Y
tt-̄l+jets Y Y Y Y Y

tt-̄dilepton Y Y Y Y Y

H→leptons

Y - 13 TeV result     Y - 8 TeV result            

http://cds.cern.ch/record/2206255
https://cds.cern.ch/record/2231510/files/HIG-16-038-pas.pdf
https://cds.cern.ch/record/2139578
http://link.springer.com/article/10.1007/JHEP05(2016)160
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-020/index.html
http://cds.cern.ch/record/2206153
http://cds.cern.ch/record/2205282?ln=en
http://cds.cern.ch/record/2141078?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-068/
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ttH̄(bb)
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• Largest BR ~ 58%
• Multiple b-quarks in the final state

• Higgs reconstruction challenging!

• Large background from tt + jets;

• Significant BR (22% for WW);
• Leptonic decays of W, Z and τ provide 

distinct multi-lepton signatures, but 
Higgs reconstruction is difficult;

• Main background from tt+V and non-
prompt leptons;

• Small BR ~ 0.2%
• Higgs boson can be reconstructed as 

a narrow peak
• Backgrounds form tt+γ, QCD multi 

photon / jet  final states. 
15

ttH final states

Search for ttHMark Owen

ttH Production & Decay

4

• Largest branching ratio, 58%.
• Final state with multiple b-quarks - challenging to 

reconstruct Higgs.
• Large background from ttbar + jets.

b

b

H

t

t̄

W / Z

W / Z

H

t

t̄

γ

γ
H

t̄

t

W / Z / τ 

W / Z / τ 

• Largest BR ~ 58%

• Fermion-only production and decay; 

• Multiple b-quarks in the final state - Higgs 
reconstruction challenging;

• irreducible tt+bb background has large theory unc.

Selection:

• semi-lepton / dilepton tt-decays - events with 1l / 2l & ≥4j (≥2 btag) / ≥3j (≥2 btag). 

Categorisation based on N-jet & N-btag;

• High S/B regions - signal-like (S/B~1%-7%), low S/B regions used to control background and 
systematic uncertainties.

Main background tt+̄jets Understanding of the tt+jets(HF) modelling and associated 
uncertainties requires a huge effort (from the experiments and theorists) - backup;

Signal extraction - final discriminant:
1. BDT reconstruction technique or MEM to separate t tH̄ vs t t+̄bb;

2. Using 1 in combination with BDT that exploits full event kinematics.

g

g

BDT - Boosted Decision Tree, MEM - Matrix Element Method 
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Figure 9: Final discriminant shapes (MEM) in the analysis categories with � 4 jets,� 4 b-tags
with low (left) and high (right) BDT output in the dilepton channel after the fit to data (contin-
ued from Fig. 8).
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Figure 13: Summary of the signal strength measurements in the individual channels and for the combination.

24
95% confidence level upper limit of 

σ < 1.5 x σSM  (1.7+0.7-0.5 exp.)
95% confidence level upper limit of 

σ < 4.0 x σSM  (1.9+1.4-2.8 exp.)

Dominant systematics
Modelling of tt ̄+≥1b, jet flavour 

tagging and t t ̄H modelling.
Normalisation of tt ̄+≥1 HF 

jet processes.
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• Largest BR ~ 58%
• Multiple b-quarks in the final state

• Higgs reconstruction challenging!

• Large background from tt + jets;

• Significant BR (22% for WW);
• Leptonic decays of W, Z and τ provide 

distinct multi-lepton signatures, but 
Higgs reconstruction is difficult;

• Main background from tt+V and non-
prompt leptons;

• Small BR ~ 0.2%
• Higgs boson can be reconstructed as 

a narrow peak
• Backgrounds form tt+γ, QCD multi 

photon / jet  final states. 
15

ttH final states

Search for ttHMark Owen

ttH Production & Decay

4

• Largest branching ratio, 58%.
• Final state with multiple b-quarks - challenging to 

reconstruct Higgs.
• Large background from ttbar + jets.

•
•

•

b

b

H

t

t̄

W / Z

W / Z

H

t

t̄

γ

γ
H

t̄

t

W / Z / τ 

W / Z / τ 

• Significant BR (WW~20%, ZZ~3%, ττ~6%);

• Distinct multi-lepton signatures from Higgs and 
top decays;

• Higgs reconstruction is difficult.

• Targeted experimental signatures:  2l (e, μ) of same charge OR ≥3l (to reduce t t)̄.

Main background:

• Irreducible: t t ̄+V and VV production -  estimated from NLO MC and validated in data.

• Reducible: from non-prompt leptons (primarily from b hadron decays in t t)̄ and from 
prompt leptons with misidentified charge -  data driven estimate;

Selection and Signal extraction:

• ATLAS: Tight selection → high purity, cut and count analysis;

• CMS:  MVA lepton selection, fit 2D BDT: t tH̄ vs t t ̄& t tH̄ vs t t ̄V (inc. MEM as input in ≥3l).

g

g
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Figure 5: Best fit values of the tt̄H signal strength µt t̄H by final state category and combined. The SM prediction is
µt t̄H = 1. For the 4` category, as zero events are observed, a 68% CLs upper limit is shown instead.
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Figure 6: Upper limits on the tt̄H signal strength µt t̄H at 95% CL by final state category and combined. The SM
prediction is µt t̄H = 1. The median upper limit that would be set in the presence of a SM tt̄H signal (µ = 1) is also
shown.

18

95% confidence level upper limit of 
σ < 3.4 x σSM  (1.3+0.6-0.4 exp.)

95% confidence level upper limit of 
σ < 4.9 x σSM  (2.3+1.1-0.6 exp.)

Dominant systematics:  Estimation of background from non-prompt leptons
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• Largest BR ~ 58%
• Multiple b-quarks in the final state

• Higgs reconstruction challenging!

• Large background from tt + jets;

• Significant BR (22% for WW);
• Leptonic decays of W, Z and τ provide 

distinct multi-lepton signatures, but 
Higgs reconstruction is difficult;

• Main background from tt+V and non-
prompt leptons;

• Small BR ~ 0.2%
• Higgs boson can be reconstructed as 

a narrow peak
• Backgrounds form tt+γ, QCD multi 

photon / jet  final states. 
15

ttH final states

Search for ttHMark Owen

ttH Production & Decay

4

• Largest branching ratio, 58%.
• Final state with multiple b-quarks - challenging to 

reconstruct Higgs.
• Large background from ttbar + jets.
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• Small BR ~ 0.2%

• Higgs boson can be reconstructed as a 
narrow peak

• parametrisable background.

Strategy (a category of the H→γγ couplings analysis):

• look for a bump over a smooth background in the di-photon invariant mass spectrum;
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Results	

Diane	Cinca	 14	

•  A	global	µ+H	is	measured	(µ+H	=	1	corresponds	to	SM	predic4on):	
–  µ+H	=	1.91	+	1.5	–	1.2	for	a	fi+ed	mH	=	126	GeV	(maximal	observed	significance	for	Hàγγ)	

•  The	total	uncertainty	is	dominated	by	sta4s4cs	

• Categories: Selected 2 photons + ≥1l/0l + additional jet 
requirements enhancing leptonic / hadronic tt decays;

Signal modelling:

• ATLAS:  Double-sided crystal ball function;

• CMS:  Sum of Gaussians.

Background modelling:

• ATLAS: exponential function extracted from side bands;

• CMS:  Sum of exponentials or power law terms,  
Laurent series and polynomials;

g

g
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Figure 14: The signal strength measured for the di↵erent production processes (ggH, VBF, VH and tt̄H) and
globally (µRun�2), compared to the global signal strength measured at 7 and 8 TeV (µRun�1) [13]. The error bar
shows the total uncertainty. The µRun�1 is taken from Ref. [13], and is derived assuming the Higgs production cross
section based on Ref. [19, 87]. In the more recent theoretical predictions used in this analysis [24, 28], the gluon
fusion production cross section is larger by approximately 10%.

10.2.3 Impact of fixing the Higgs mass

Figure 9 shows that the nuisance parameter associated with the photon energy scale uncertainty is slightly
pulled, which indicates that the best value for the Higgs boson mass in the dataset analysed here is a bit
di↵erent from 125.09 GeV. When the Higgs boson mass is left free in the fit, the measured cross sections
and signal strengths di↵er only by a small fraction of the statistical uncertainty from the results with
mH = 125.09 ± 0.24 GeV. The fitted Higgs boson mass is compatible with mH = 125.09 ± 0.24 GeV
within its statistical uncertainty.

11 Conclusion

Measurements of the Higgs boson cross sections in the Higgs boson diphoton decay channel are per-
formed using pp collision data recorded by the ATLAS experiment at the LHC. The data were taken at
a centre-of-mass energy of

p
s = 13 TeV and correspond to an integrated luminosity of 13.3 fb�1. Fidu-

cial cross sections in several phase space regions and di↵erential cross sections as a function of several
kinematic variables are performed in an almost model-independent way. The fiducial cross section is
measured to be �fid = 43.2±14.9 (stat.)±4.9 (syst.) fb for a Higgs boson of mass 125.09 GeV decaying to
two isolated photons that have transverse momentum greater than 35% and 25% of the diphoton invariant
mass and each with absolute pseudorapidity |⌘| < 2.37, excluding the region 1.37 < |⌘| < 1.52. The Stan-
dard Model prediction for the same fiducial region is 62.8 +3.4

�4.4 fb. Simplified template cross sections and

31

The result is heavily dominated by the statistical uncertainty.
By the end of Run 2, we expect to have factor of ~3 reduction in 

statistical uncertainty. 
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ttH̄ combination and summary
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Run1 precision already reached with ~13fb-1 of Run 2 data!  
No significant deviations from the SM observed at both experiments. 

Stay tuned for the new results from CMS and ATLAS using full 
2015+2016 statistics ~ 35fb-1
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tH production at the LHC
• CMS Run2: tH(bb) - CMS PAS HIG-16-019, Run1: tH(bb, multi-lepton, γγ) - CMS-

HIG-14-027,  ATLAS Run 1 indirect constraint in H→γγ - Physics Letters B 740 (2015);

• Both t-channel (tHq) and tW production (tHW) considered; 

27

tH Production at the LHC
Dominating contributions depend on t and V

Both t-channel and tW-channel production considered
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Destructive interference in SM ! small cross section of ⇠ 90 fb

tH production sensitive to magnitude and sign of top-Yukawa coupling

NB: indirect sensitivity by t̄tH(��) process, e. g. ATLAS Phys.Lett. B740 (2015) 222-242

Matthias Schröder – Searches for t̄tH and tH with H ! bb̄ September 21, 2016 23/31

• tH - sensitive to magnitude and sign of Higgs-top-Yukawa coupling 

• SM assumption κt=1 - destructive interference, σSM(tH) ~ 90 fb-1;

• κt=-1 (if BSM contributions allowed in the loops), σ(tH) ~ 10 x σSM;

• Analysis Strategy: Similar to ttH. Benefit from forward jet tag. Dedicated sig. vs bkg 
BDT for each (κt,κV) point (in case of tHq event reconstruction for tHq and tt-bkg.).
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Figure 2: Cross sections in the kt � kV plane at 13 TeV for tHq (left) and tHW (right) production.
Right figure adapted from [14].

background processes. The classification BDT response distributions are then used to derive
upper limits on the signal cross sections for each signal scenario. The limits are derived on the
sum of the cross sections for tHq and tHW production, since both have a similar dependency
on the studied coupling parameters.

2 Data and simulation
The analysis described in this document uses the dataset recorded by CMS in 2015 at a center-
of-mass energy of 13 TeV, corresponding to an integrated luminosity of 2.3 fb�1 with an esti-
mated overall uncertainty of 2.7% [16]. A description of the CMS detector can be found in
Ref. [17].

The simulation of the tHq and tHW signal processes is performed using MG5 aMC@NLO [13]
at LO precision and using the NNPDF3.0 PDF set [18]. The tHq process is generated within
the four-flavor scheme and with dynamical factorization and renormalization scales, while for
the generation of tHW events fixed scales (40 GeV) and the five-flavor scheme are used. For
the tHW process the five-flavor scheme has been chosen because this allows to eliminate in-
terference with the tt̄H production at leading order, which would otherwise complicate the
generation. The samples are generated such that they can be reweighted to produce different
combinations of kt and kV.

The backgrounds from single top quark and tt̄ production as well as from tt̄H production are
generated using the POWHEG event generator [19–21]. The production of tt̄ in association with
a W boson (tt̄W) or a Z boson (tt̄Z) is simulated using MG5 aMC@NLO. The tZq, Z ! bb̄
background, which has a cross section similar to the SM tHq process, is not included; its im-
pact on the result is expected to be small, due to the discriminating power of the kinematic
observables used in the analysis. The production of a W boson together with jets (W+jets) is
simulated using MADGRAPH [22], while Z+jets events are simulated using MG5 aMC@NLO.
For all samples the modeling of the parton shower is performed using PYTHIA 8 [23]. A top
quark mass of 172.5 GeV and a Higgs boson mass of 125 GeV are used for the simulations.

The effect of additional proton-proton interactions (pileup) is simulated by superimposing min-
imum bias events generated with PYTHIA, taking into account in-time and out-of-time pileup
contributions. All generated events undergo a full GEANT 4 [24, 25] simulation of the detector

tHq

e.g. tHq

https://cds.cern.ch/record/2204925/files/HIG-16-019-pas.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-027/index.html
https://arxiv.org/abs/1409.3122
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18 6 Summary

Table 4: Upper limit on µ = s/sCt=�1 for each tHq channel. The observed and expected 95%
CL upper limits on the signal strength parameter µ for each tHq channel are also shown.

tHq channel Best-fit µ 95% CL upper limits on µ = s/sCt=�1
Observed Expected

Median 68% CL range 95% CL range

gg 4.1 4.1 [3.7, 4.2] [3.4, 5.3]

bb 7.6 5.4 [3.8, 7.7] [2.8, 10.7]

Multilepton 6.7 5.0 [3.6, 7.1] [2.9, 10.3]

tt 9.8 11.4 [8.1, 16.7] [6.0, 24.9]

Combined 2.8 2.0 [1.6, 2.8] [1.2, 4.1]
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Figure 6: The 95% CL upper limits on the excess event yields predicted by the enhanced tHq
cross section and Higgs boson to diphoton branching fraction for Ct = �1. The limits are
normalized to the Ct = �1 predictions [57], and are shown for each analysis channel, and
combined. The black solid and dotted lines show the observed and background-only expected
limits, respectively. The 1s and 2s bands represent the 1 and 2 standard deviation uncertainties
on the expected limits.

• Run 2 tH(bb) result • Run 1 tH(bb,ττ,leptons, γγ) result

Excluding SM tH production above  
113.7 (obs.) and 98.6 (exp.) x σSM

Exclusion at κt=-1 6.0 (obs.) and  
6.4 (exp.) x σκt=-1

From all channels combined in Run1 
exclusion at κt=-1 2.8 (obs.) and  

2.0 (exp.) x σκt=-1
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BSM charged Higgs searches

Many extensions of the SM, as well as suppressed SM scenarios, sensitive to  
Higgs-top interactions: 

• Flavour changing neutral current: t→qH

• Vector-like heavy top partner

• Charged Higgs boson searches within the top sector (SUSY, 2HDM,…)

• …
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• Charged Higgs bosons can be produced in decays of (mH± < mtop) or in association 
with (mH± > mtop) a top quark

• Experiments explore several H± decay modes (cs, cb, tb, τν, AW)

• In the region near the top mass, finite top-width effects as well as the interplay 
between top-quark resonant and non-resonant diagrams cannot be neglected

• Recent TH development:  Precision computation of the H± production 
with mH±~mt (Degrande et al., 1607.05291). Opens doors for new searches!

Search for H± within top sector

30
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ATLAS 7 TeV t→H±(cs)b:  
 Eur. Phys. J. C (2013) 73

• Searches based on t → H±b decays

• Zoology of models with different branching ratios 

• Searches at Tevatron:

• Searches at LHC:

Searches for light H± (top sector)

31

H±→cb

CMS 8 TeV t→H±(cs)b,  8 TeV H± legacy:  
 Eur. Phys. J. C (2013) 73,  JHEP 11 (2015) 018

D0 t→H±(τν/cs)b: 
 Phys.Lett.B682:278-286,2009,  
 10.1016/j.physletb.2009.11.016

Exclusion limit
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Many searches also interpreted in SUSY / 2HDM

CDF
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the αj parameters are taken to be uncorrelated. The fit uses
17 nuisance parameters in total. None of them are shifted
by more than one sigma compared to the original values ob-
tained in subsidiary measurements. Maximal reduction of
uncertainty is obtained for the jet energy scale parameter
which is reduced by 50 %.

The limits on the branching ratio are extracted using the
CLs technique at 95 % confidence level [68, 69]. The con-
sistency of the data with the background model can be deter-
mined by comparing the value of the test statistic (a profile
likelihood ratio based on Eq. (2)) in the data with the ex-
pectation from background-only Monte Carlo simulated ex-
periments. The corresponding probability (p-value) for the
background to produce the observed mass distribution varies
from 67 % to 71 % as a function of mH+ , indicating that
there is no significant deviation from the background hy-
pothesis. The expected and observed limits, shown in Ta-
ble 3 and Fig. 4, are calculated using asymptotic formu-
lae [68]. The expected limits on B, including both statisti-
cal and systematic uncertainties, vary between 1–8 % de-

Table 3 Expected and observed 95 % CL limits, including system-
atic uncertainties, on the branching ratio for a top-quark to decay to
a charged Higgs boson and a b-quark, assuming that B(H+ → cs̄) =
100 %. The limits shown are calculated using the CLs limit-setting
procedure

Higgs mass Expected limit
(stat.⊕ syst.)

Observed limit
(stat.⊕ syst.)

90 GeV 0.080 0.051

100 GeV 0.034 0.034

110 GeV 0.026 0.025

120 GeV 0.021 0.018

130 GeV 0.023 0.014

140 GeV 0.020 0.013

150 GeV 0.015 0.012

Fig. 4 The extracted 95 % CL upper limits on B(t → H+b), assuming
that B(H+ → cs̄) = 100 %, are shown for a range of charged Higgs
masses from 90 GeV to 150 GeV. The limits shown are calculated using
the CLs limit-setting procedure

pending on mH+ ; if only the statistical uncertainty is con-
sidered these limits are 1–3 %. The observed limits, in-
cluding both statistical and systematic uncertainties, vary
between 1–5 %. The extracted limits are the most strin-
gent to date on the branching ratio B(t → H+b), assum-
ing B(H+ → cs̄) = 100 %. These results can be used to
set limits for a generic scalar charged boson decaying to di-
jets in top-quark decays, as long as the width of the reso-
nance formed is less than the experimental dijet resolution
of 12 GeV.

7 Conclusions

A search for charged Higgs bosons decaying to cs̄ in t t̄ pro-
duction has been presented. The dijet mass distribution is
in good agreement with the expectation from the SM and
limits are set on the branching ratio B(t → H+b), assum-
ing B(H+ → cs̄) = 100 %. The observed limits range from
B = 5 % to 1 % for mH+ = 90 GeV to 150 GeV. These are
the best limits to date on charged Higgs boson production in
this channel.
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CMS 8 TeV t→H±(cs)b,  8 TeV H± legacy:  
 Eur. Phys. J. C (2013) 73,  JHEP 11 (2015) 018

DZero t→H±(τν/cs)b: 
 Phys.Lett.B682:278-286,2009,  
 10.1016/j.physletb.2009.11.016

Exclusion limits
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H±→τν

Many searches also interpreted in SUSY / 2HDM

H±→τν

shown in figure 8. In the low-mass range, almost all values for tan β > 1 are excluded

in the different scenarios, except for a small region 140GeV ≤ mH+ ≤ 160GeV. Values of

tan β larger than 45−50 are excluded in a mass range of 200GeV ≤ mH+ ≤ 250GeV. The

exclusions in several additional scenarios, not shown here, were also considered. In the light

top squark, light stau and tauphobic scenarios, no significant exclusion is achieved in the

high-mass search. In the low-mass search, the excluded regions in these scenarios are sim-

ilar to those shown in figure 8. The limits for the low-mass H+ search are also interpreted

in the low-MH scenario, where mH+ ≈ 130 GeV. Instead of excluding areas in the mH+–

tan β plane, limits are interpreted in the tan β–µ plane, for 300GeV < µ < 3500GeV and

1.5 < tan β < 9.5, where µ is the higgsino mass parameter. This model is excluded every-

where where it is tested and where it is well-defined. For the interpretation of the low-mass

search, the following relative theoretical uncertainties on B(t → bH+)× B(H+ → τ+ν) are

considered [78–80]: 5% for one-loop electroweak corrections missing from the calculations,

2% for missing two-loop QCD corrections and about 1% (depending on tan β) for ∆b-

induced uncertainties, where ∆b is a correction factor to the running b-quark mass [81].

These uncertainties are added linearly, as recommended by the LHC Higgs cross section

working group [79]. For the interpretation of the high-mass search, separate uncertainties

are included for the 4FS and 5FS calculations [82]. For the 5FS calculation, the following

theoretical uncertainties are taken into account: scale uncertainties of approximately 10–

20% that vary with mH+ , the combined uncertainty on the parton distribution function,

mass of the b-quark, and strong coupling of approximately 10–15%. For the 4FS calcula-

tion, only a scale uncertainty of approximately 30% is taken into account. Owing to the

complication arising from the overlap and interference with off-shell tt̄ production in the

mass range of mH+ = 180–200 GeV, the MSSM interpretation is shown only for mH+ ≥
200GeV.

 [GeV]+Hm
80 90 100 110 120 130 140 150 160

ν+ τ 
→ + H

 B×
+

 b
H

→t 
B

-310

-210

-110

1

Observed CLs 
Expected
σ 1±
σ 2±

ATLAS Data 2012

 = 8 TeVs

-1Ldt = 19.5 fb∫

(a) Low-mass H+ selection

 [GeV]+Hm
200 300 400 500 600 700 800 900 1000

) [
pb

]
ν + τ 

→ +
 B

(H
× + H

σ

-310

-210

-110

1

10 Observed CLs 
Expected
σ 1±
σ 2±

ATLAS Data 2012

 = 8 TeVs

-1Ldt = 19.5 fb∫

(b) High-mass H+ selection

Figure 7. Observed and expected 95% CL exclusion limits on the production and decay of (a)
low-mass and (b) high-mass charged Higgs bosons. For the low-mass search, the limit is computed
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Many searches also interpreted in SUSY / 2HDM
Overview The Tevatron Results Summary Indirect Searches Direct Searches

CDF NMSSM A0 and H±

Uses 2.7 fb−1, σ(t t̄)/σ(Z/γ∗) measurement (t t̄ → ℓ+ jets).
t → H±b →W±A0b with B(A0 → τ+τ−) = 1.
Assume:

mH± ≈ 100 GeV
mA0 < 2mb

The τ lepton identified as a single track

CDF Note 10104 & Phys. Rev. Lett. 105, 012001 (2010)

P. Gutierrez (Universities of Oklahoma) Charged Higgs 2010 Uppsala Sept. 27, 2010 22 / 28
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Figure 4: The observed data and background predictions after apply-
ing the nominal selection in the (left) light charged Higgs boson search
and in the (right) heavy charged Higgs boson search. In the distribu-
tions of the light H+ signal selection, a signal of mH+ = 130 GeV and
B(t → H+b) = 0.9% is included. In the heavy H+ signal selection,
a signal of mH+ = 250 GeV and tanβ = 50 with the cross section
and B(H+ → τν) of the MSSM mmax

h scenario is included. All signal
contributions are scaled up by a factor of 10. The last bin of each mt
distribution includes overflow. The uncertainty band shows the pre-fit
systematic uncertainties, added in quadrature.

range of B(t → H+b) = 0.24 − 2.1%. For mH+ in the
range 180-600 GeV, upper limits are set on the produc-
tion cross section of the charged Higgs boson in a range
of 0.017 − 0.90 pb.
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Figure 5: The expected and observed 95% CL upper limits in the light
charged Higgs boson (left) scenario and in the heavy charged Higgs
boson (right) scenario, assuming B(H+ → τν) = 1.

The exclusion limits on the light and heavy H+ are
also interpreted in terms of the MSSM mmax

h scenario
with µ = 200 GeV, shown in Fig. 6. This corresponds
to an exclusion of tan β > 1 in the tan β-mH+ parameter
space for mH+ in the range 100-140 GeV. Only small
regions of parameter space for mH+ in the range 90-100
GeV and 140-160 GeV are not excluded. For heavy
charged Higgs bosons with mH+ > mtop, values of tan β
in the range 47 and 63 are excluded for mH+ in the range
200-300 GeV.

5. Charged Higgs in 2HDM Cascade

The existence of an extended scalar sector with more
than one Higgs bosons allows for cascade decays in
which heavier Higgs bosons (produced via gluon-gluon
fusion), initiate a cascade decay to charged Higgs, H±,
which further decays to a light neutral Higgs boson, h.
Such a cascade contains three resonances and results in
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Figure 6: Interpretation of the limits on the branching fractions of
the light H+ (left) and the production cross section of the heavy H+
(right), in the context of the MSSM mmax

h scenario with µ = 200 GeV.
For comparison, the 2011 limits are overlaid in green for the light H+
limit interpretation.

a W-boson pair and a bottom-antibottom quark pair in
the final state (see Fig. 7). In this context, a Higgs boson
cascade has been looked for using 20.3 fb−1 of

√
s = 8

TeV proton-proton collision data collected by the AT-
LAS detector [3]. Rather than assuming a particular

Figure 7: Diagram of the Higgs-boson cascade gg → H0 →
W∓H± → W∓W±h0 → W∓W±bb̄.

theoretical model, this analysis follows the so-called
”simplified model” approach by searching for a spe-
cific multi-Higgs-boson cascade topology. This analy-
sis looks for multiple simultaneous resonances, bb̄, bb̄W
and bb̄WW, in tt̄-like (bb̄WW) events. Fixing the mass
of the lightest Higgs at 125 GeV, leaves the mass of the
heavy and charged Higgses as the only two free param-
eters in the model. The main background in this search
is the SM tt̄ pair production. The semi-leptonic chan-
nel (where one W decays leptonically and the second
hadronically) was used for optimal sensitivity. Event
selection is based on the signature of tt̄ event (share the
same final state), assuming that one of the W-bosons
decays leptonically (either to electron or muon and cor-
responding neutrino). The typical tt̄ event has a high
-pT lepton, at least four jets, two of which are b-tagged
jets, large Emiss

T and transverse W mass (to reduce the

L. Barak / Nuclear and Particle Physics Proceedings 273–275 (2016) 896–900 899
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CDF NMSSM A0 and H±

Uses 2.7 fb−1, σ(t t̄)/σ(Z/γ∗) measurement (t t̄ → ℓ+ jets).
t → H±b →W±A0b with B(A0 → τ+τ−) = 1.
Assume:

mH± ≈ 100 GeV
mA0 < 2mb

The τ lepton identified as a single track
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Figure 4: The observed data and background predictions after apply-
ing the nominal selection in the (left) light charged Higgs boson search
and in the (right) heavy charged Higgs boson search. In the distribu-
tions of the light H+ signal selection, a signal of mH+ = 130 GeV and
B(t → H+b) = 0.9% is included. In the heavy H+ signal selection,
a signal of mH+ = 250 GeV and tanβ = 50 with the cross section
and B(H+ → τν) of the MSSM mmax

h scenario is included. All signal
contributions are scaled up by a factor of 10. The last bin of each mt
distribution includes overflow. The uncertainty band shows the pre-fit
systematic uncertainties, added in quadrature.

range of B(t → H+b) = 0.24 − 2.1%. For mH+ in the
range 180-600 GeV, upper limits are set on the produc-
tion cross section of the charged Higgs boson in a range
of 0.017 − 0.90 pb.
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Figure 5: The expected and observed 95% CL upper limits in the light
charged Higgs boson (left) scenario and in the heavy charged Higgs
boson (right) scenario, assuming B(H+ → τν) = 1.

The exclusion limits on the light and heavy H+ are
also interpreted in terms of the MSSM mmax

h scenario
with µ = 200 GeV, shown in Fig. 6. This corresponds
to an exclusion of tan β > 1 in the tan β-mH+ parameter
space for mH+ in the range 100-140 GeV. Only small
regions of parameter space for mH+ in the range 90-100
GeV and 140-160 GeV are not excluded. For heavy
charged Higgs bosons with mH+ > mtop, values of tan β
in the range 47 and 63 are excluded for mH+ in the range
200-300 GeV.

5. Charged Higgs in 2HDM Cascade

The existence of an extended scalar sector with more
than one Higgs bosons allows for cascade decays in
which heavier Higgs bosons (produced via gluon-gluon
fusion), initiate a cascade decay to charged Higgs, H±,
which further decays to a light neutral Higgs boson, h.
Such a cascade contains three resonances and results in
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Figure 6: Interpretation of the limits on the branching fractions of
the light H+ (left) and the production cross section of the heavy H+
(right), in the context of the MSSM mmax

h scenario with µ = 200 GeV.
For comparison, the 2011 limits are overlaid in green for the light H+
limit interpretation.

a W-boson pair and a bottom-antibottom quark pair in
the final state (see Fig. 7). In this context, a Higgs boson
cascade has been looked for using 20.3 fb−1 of

√
s = 8

TeV proton-proton collision data collected by the AT-
LAS detector [3]. Rather than assuming a particular

Figure 7: Diagram of the Higgs-boson cascade gg → H0 →
W∓H± → W∓W±h0 → W∓W±bb̄.

theoretical model, this analysis follows the so-called
”simplified model” approach by searching for a spe-
cific multi-Higgs-boson cascade topology. This analy-
sis looks for multiple simultaneous resonances, bb̄, bb̄W
and bb̄WW, in tt̄-like (bb̄WW) events. Fixing the mass
of the lightest Higgs at 125 GeV, leaves the mass of the
heavy and charged Higgses as the only two free param-
eters in the model. The main background in this search
is the SM tt̄ pair production. The semi-leptonic chan-
nel (where one W decays leptonically and the second
hadronically) was used for optimal sensitivity. Event
selection is based on the signature of tt̄ event (share the
same final state), assuming that one of the W-bosons
decays leptonically (either to electron or muon and cor-
responding neutrino). The typical tt̄ event has a high
-pT lepton, at least four jets, two of which are b-tagged
jets, large Emiss

T and transverse W mass (to reduce the
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Searches almost exclude a light charged Higgs in MSSM scenarios (Type II 2HDM align. limit). 

This is still not true across other models! 

CDF t→H±(AW)b, t→H±(cs)b: 
 CDF note 10104,  
10.1103/PhysRevLett.103.101803
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• Searches based on H±→τν decays:

• Searches based on H±→tb decays:

Searches for heavy H± (top sector)
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Searches for H± (top sector)

37

No sign of charged Higgs yet in any of the searches!
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Figure 4: The observed data and background predictions after apply-
ing the nominal selection in the (left) light charged Higgs boson search
and in the (right) heavy charged Higgs boson search. In the distribu-
tions of the light H+ signal selection, a signal of mH+ = 130 GeV and
B(t → H+b) = 0.9% is included. In the heavy H+ signal selection,
a signal of mH+ = 250 GeV and tanβ = 50 with the cross section
and B(H+ → τν) of the MSSM mmax

h scenario is included. All signal
contributions are scaled up by a factor of 10. The last bin of each mt
distribution includes overflow. The uncertainty band shows the pre-fit
systematic uncertainties, added in quadrature.

range of B(t → H+b) = 0.24 − 2.1%. For mH+ in the
range 180-600 GeV, upper limits are set on the produc-
tion cross section of the charged Higgs boson in a range
of 0.017 − 0.90 pb.
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The exclusion limits on the light and heavy H+ are
also interpreted in terms of the MSSM mmax

h scenario
with µ = 200 GeV, shown in Fig. 6. This corresponds
to an exclusion of tan β > 1 in the tan β-mH+ parameter
space for mH+ in the range 100-140 GeV. Only small
regions of parameter space for mH+ in the range 90-100
GeV and 140-160 GeV are not excluded. For heavy
charged Higgs bosons with mH+ > mtop, values of tan β
in the range 47 and 63 are excluded for mH+ in the range
200-300 GeV.

5. Charged Higgs in 2HDM Cascade

The existence of an extended scalar sector with more
than one Higgs bosons allows for cascade decays in
which heavier Higgs bosons (produced via gluon-gluon
fusion), initiate a cascade decay to charged Higgs, H±,
which further decays to a light neutral Higgs boson, h.
Such a cascade contains three resonances and results in
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Figure 6: Interpretation of the limits on the branching fractions of
the light H+ (left) and the production cross section of the heavy H+
(right), in the context of the MSSM mmax

h scenario with µ = 200 GeV.
For comparison, the 2011 limits are overlaid in green for the light H+
limit interpretation.

a W-boson pair and a bottom-antibottom quark pair in
the final state (see Fig. 7). In this context, a Higgs boson
cascade has been looked for using 20.3 fb−1 of

√
s = 8

TeV proton-proton collision data collected by the AT-
LAS detector [3]. Rather than assuming a particular

Figure 7: Diagram of the Higgs-boson cascade gg → H0 →
W∓H± → W∓W±h0 → W∓W±bb̄.

theoretical model, this analysis follows the so-called
”simplified model” approach by searching for a spe-
cific multi-Higgs-boson cascade topology. This analy-
sis looks for multiple simultaneous resonances, bb̄, bb̄W
and bb̄WW, in tt̄-like (bb̄WW) events. Fixing the mass
of the lightest Higgs at 125 GeV, leaves the mass of the
heavy and charged Higgses as the only two free param-
eters in the model. The main background in this search
is the SM tt̄ pair production. The semi-leptonic chan-
nel (where one W decays leptonically and the second
hadronically) was used for optimal sensitivity. Event
selection is based on the signature of tt̄ event (share the
same final state), assuming that one of the W-bosons
decays leptonically (either to electron or muon and cor-
responding neutrino). The typical tt̄ event has a high
-pT lepton, at least four jets, two of which are b-tagged
jets, large Emiss

T and transverse W mass (to reduce the

L. Barak / Nuclear and Particle Physics Proceedings 273–275 (2016) 896–900 899
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• Higgs and top are here - experiments started to play games with them…

• Interplay between the Higgs and top allows for indirect tests of the consistency 
of the SM via LEP / Tevatron / LHC measurements

• Limits on Higgs-top couplings from ATLAS & CMS (Run 1):

• Most precise constraints through parametrisation of all accessible 
production and decay modes (mainly indirect, via loop diagrams);

• t tH̄ measurement in all accessible final states at LHC

• Most precise direct constraint on Higgs-top Yukawa coupling;

• tH measurement allows constraints on sign of Higgs-top-Yukawa coupling;

• Experiments also actively explore a wide range of BSM models,  
including those with H± that couples to top quark (SUSY, 2HDM, etc.)

• Searches in both low-mass and high-mass H± scenarios; 

•    All measurements compatible with SM predictions at current precision.

Summary
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292 Chapter 10. Exploring the High Luminosity LHC Physics Program

Figure 10.2: Estimated precision on the measurements for modified couplings for a SM-like
Higgs boson [9]. The projections assume a center-of-mass energy of 14 TeV and a dataset with
integrated luminosity of 300 and 3000 fb�1. The projections are obtained with two uncertainty
scenarios as described in the text.

the LHC Run-II and III. It is a unique opportunity for in-depth Higgs boson studies if the
experiments can fully benefit from the higher data rates. The key element will be to have a
similar, or possibly even better, sensitivity for Higgs boson detection with upgraded detectors,
that are capable of dealing with the higher pileup at the very high luminosity operation of the
HL-LHC. For the Higgs boson studies in this document we assume an average of 140 pileup
events per bunch crossing. Hence, it is important to verify the experimental capabilities in
detail, by studying a few key processes, as well as exploring the potential for new channels
such as the Higgs boson pair production.

10.1.1 H ! ZZ⇤ ! 4` analysis

The Higgs boson decay into two Z bosons, each decaying into two charged leptons, electrons
or muons, is the golden channel in the study of the Higgs boson. Electrons and muons can
be measured very accurately, with high efficiency, and excellent energy and momentum res-
olution. The complete final state of the Higgs boson decay can be reconstructed which leads
to a signal of high purity, measured as a peak over a smooth background distribution. The
four lepton events allow for a detailed CP analysis of the Higgs particle by measuring angular
distributions, such as the angle between the ZZ decay planes and the decay angles in these
planes, which contain information of the CP properties of the parent boson. The very accurate
determination of the production rate of H ! ZZ bosons is crucial for searches for deviations
from the SM in the study of Higgs boson couplings. As mentioned before, the analysis of the
full four lepton mass spectrum contains information of the total width of the Higgs boson.

The HL-LHC will produce about sixteen thousand Higgs boson events per experiment in the
golden channel through the gluon-fusion production process and about 1400 through vector
boson fusion. Selecting these events with the largest possible acceptance is crucial to the Higgs
physics program. Excellent electron and muon reconstruction at low transverse momentum
and a large rapidity coverage are key. Since four leptons need to be reconstructed in this final
state, any single object inefficiency is potentiated. The Run-I analysis uses electrons with a pT
requirement as low as 7 GeV and muons with a pT as low as 5 GeV with a pseudorapidity
coverage of up to |h| < 2.5.

Figure 10.3 shows the efficiency times acceptance for the Higgs boson signal as a function of
the selection criteria following the selection applied to the Run-I data. A significant increase in

292 Chapter 10. Exploring the High Luminosity LHC Physics Program

Figure 10.2: Estimated precision on the measurements for modified couplings for a SM-like
Higgs boson [9]. The projections assume a center-of-mass energy of 14 TeV and a dataset with
integrated luminosity of 300 and 3000 fb�1. The projections are obtained with two uncertainty
scenarios as described in the text.

the LHC Run-II and III. It is a unique opportunity for in-depth Higgs boson studies if the
experiments can fully benefit from the higher data rates. The key element will be to have a
similar, or possibly even better, sensitivity for Higgs boson detection with upgraded detectors,
that are capable of dealing with the higher pileup at the very high luminosity operation of the
HL-LHC. For the Higgs boson studies in this document we assume an average of 140 pileup
events per bunch crossing. Hence, it is important to verify the experimental capabilities in
detail, by studying a few key processes, as well as exploring the potential for new channels
such as the Higgs boson pair production.

10.1.1 H ! ZZ⇤ ! 4` analysis

The Higgs boson decay into two Z bosons, each decaying into two charged leptons, electrons
or muons, is the golden channel in the study of the Higgs boson. Electrons and muons can
be measured very accurately, with high efficiency, and excellent energy and momentum res-
olution. The complete final state of the Higgs boson decay can be reconstructed which leads
to a signal of high purity, measured as a peak over a smooth background distribution. The
four lepton events allow for a detailed CP analysis of the Higgs particle by measuring angular
distributions, such as the angle between the ZZ decay planes and the decay angles in these
planes, which contain information of the CP properties of the parent boson. The very accurate
determination of the production rate of H ! ZZ bosons is crucial for searches for deviations
from the SM in the study of Higgs boson couplings. As mentioned before, the analysis of the
full four lepton mass spectrum contains information of the total width of the Higgs boson.

The HL-LHC will produce about sixteen thousand Higgs boson events per experiment in the
golden channel through the gluon-fusion production process and about 1400 through vector
boson fusion. Selecting these events with the largest possible acceptance is crucial to the Higgs
physics program. Excellent electron and muon reconstruction at low transverse momentum
and a large rapidity coverage are key. Since four leptons need to be reconstructed in this final
state, any single object inefficiency is potentiated. The Run-I analysis uses electrons with a pT
requirement as low as 7 GeV and muons with a pT as low as 5 GeV with a pseudorapidity
coverage of up to |h| < 2.5.

Figure 10.3 shows the efficiency times acceptance for the Higgs boson signal as a function of
the selection criteria following the selection applied to the Run-I data. A significant increase in

300fb-1

3000fb-1

µ/µ∆
0 0.2 0.4

(comb.)

(VBF-like)

(comb.)

(incl.)

(comb.)

(comb.)

(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

γγ→H

 ZZ→H

 WW→H

γ Z→H

b b→H

ττ→H

µµ→H

γγ→H

 ZZ→H

 WW→H

γ Z→H

b b→H

ττ→H

µµ→H

ATL-PHYS-
PUB-2014-016 

CERN-LHCC-2015-010 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016/
https://cds.cern.ch/record/2020886?ln=en


Jelena Jovicevic - CKM 2016, Mumbai, India 28.11 - 02.12, 2016

tt+̄jets background in ttH̄(bb)

41

CMS:
• Powheg+Pythia8 normalised to NNLO prediction; 

• separate templates for t t ̄+b, t t ̄+bb, t t ̄+2b*, t t ̄+≥1c, t t ̄+≥1LF;

Background Modelling
Approach by CMS

Powheg+Pythia8, normalized to NNLO prediction
Separate templates for t̄t + b, t̄t + bb̄, t̄t + 2b, t̄t + cc̄, t̄t + LF

50% rate uncertainty per t̄t + jets process, uncorrelated in final fit
Add. sources include parton shower, hadronisation, PDF, ISR/FSR

Approach by ATLAS
Powheg+Pythia6, pT(t) &
pT(t̄t) corrected to NNLO

t̄t � 1b processes corrected to
Sherpa+OpenLoops NLO
4-flavour-scheme calculation

Normalization of t̄t+ � 1b/c
freely floating in final fit

Uncertainties include choice of
generator, parton shower and
hadronisation, PDF, ISR/FSR
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Matthias Schröder – Searches for t̄tH and tH with H ! bb̄ September 21, 2016 10/31

ATLAS:  
• Powheg+Pythia6 normalised to NNLO 

prediction;

• pT(t) & pT(tt) corrected to NNLO 
prediction for t t ̄+≥1c and t t ̄+≥1LF; 

• t t ̄+b, t t ̄+bb and t t ̄+B corrected to Sherpa
+OpenLoops NLO calculation;

• normalisation for t t ̄+≥1b and t t ̄+≥1c 
free floating in the fit.

* CMS t t ̄+2b corresponds to ATLAS t t ̄+B

CMS 13 TeV tt ̄+bb measurement CMS-PAS-TOP-16-010:  
ATLAS 8 TeV tt ̄+bb measurement: Eur. Phys. J. C (2016) 76:11

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-10/
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Fig. 9 Top Comparison of the direct MW and κV measurements (hori-
zontal and vertical green bands) with the contours of 95 % CL allowed
regions obtained from global fits for various values of the cut-off scale
λ, in which the direct measurements of MW and κV are not included.
Bottom Similar comparison of the direct MW and κV measurements and
their indirect predictions for λ = 3 TeV, for the present (blue) and the
ILC/GigaZ (yellow/orange) precision, at 68 and 95 % CL. For better
visibility the experimental ellipse is not drawn in the lower plot

constants are both 1 % [75]. Assuming custodial symme-
try, these uncertainties have been averaged in the figure. For
the indirect LHC and ILC predictions, the central values of
the electroweak observables have been shifted to match the
Higgs mass of 125 GeV, with κV = 1. The nominal value
of λ is 3 TeV. Varying λ between 1, 3 and 10 TeV, the cen-
tral value of κV remains unchanged at 1, but its uncertainty
varies between 0.008 and 0.015 at the LHC and between
0.003 and 0.005 for the ILC scenario. The numbers obtained
for λ = 3 TeV are summarised in Table 3. Assuming the
present central values of κV and MW , the deviation of κV
from 1 would become significant.

5 Conclusion

We have updated in this paper the results from the global
electroweak fit using full fermionic two-loop calculations

for the partial widths and branching ratios of the Z boson
[10] and including a detailed assessment of the impact of
theoretical uncertainties. The prospects of the fit in view of
future colliders, namely the Phase-1 LHC and the ILC with
GigaZ mode, were also studied. A significant increase in
the predictive power of the fit was found in both scenarios,
where in particular the ILC/GigaZ provides excellent sensi-
tivity to indirect new physics. We have also carried out an
analysis of the Higgs coupling data in a benchmark model
with modified effective SM Higgs couplings to fermions and
bosons parametrised by one parameter each. The inclusion
of electroweak precision observables yields constraints on
the bosonic coupling κV that are about twice stronger than
current Higgs coupling data alone, while the precision on the
fermionic coupling κF is not improved.
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qqH

Production mechanisms
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Largest cross-section, largest theory uncertainties;

Characteristic signature with 2 jets separated in η;

Reduced QCD multijet backgrounds;

Signature characterised by 2 b-jets + additional jets or leptons-
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ttH production
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Higgs boson decays
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Production mechanisms SM Higgs boson decay modes

87%

7%

5%

1%

Many decay modes accessible for mH = 125 GeV

Bosonic decays: ZZ, WW, γγ, Zγ;  
Fermionic decays: bb, ττ, μμ;

22%

57%

6.2%

0.2%

-
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BR(H±)
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2HDM H+ searches at CMS

Run I (7–8 TeV)

• H+ ! ⌧⌫ (HIG-14-023, Charged14)

• ⌧
h

+jets, µ⌧
h

,
lepton+jets, dilepton

• H+ ! tb (HIG-14-023, Charged14)

• H+ ! cs (HIG-13-035, Charged14)

• NEW: H+ ! cb (HIG-16-030)

• NEW: H+ ! ⌧h⌫ with ⌧h+jets
(HIG-16-031)
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