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Introduction
¥ÒObservation of a new particleÓ in July 2012!
¥Is it compatible with the SM?

VBF production mechanism? YES!
Probe Lagrangian structure

1. Boson & Fermion couplings
2. Custodial symmetry 
3. Loop induced couplings to gluons and photons:

non-SM particles 
¥Other ATLAS talks in this conference

A. Mehta, L. Kashif & D. Jamin

Including !!, ZZ, WW updated to full 2011-2012 dataset
4.6/fb @ 7TeV, 20.7/fb @ 8TeV

! ! & bb results
4.6/fb @ 7TeV, 13/fb @ 8TeV
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A word about the procedure
¥Construct a likelihood of Poisson probabilities

¥signal and background parameterized as

¥For couplings measurement the signal is represented as

¥Test hypothesized values of mu with a test statistics

data can be represented as one or more histograms. Using the method in an unbinned analysis
is a straightforward extension.

Suppose for each event in the signal sample one measures a variable x and uses these
values to construct a histogramn = ( n1, . . . , nN ). The expectation value ofni can be written

E[ni ] = µsi + bi , (2)

where the mean number of entries in thei th bin from signal and background are

si = stot

!

bin i
f s(x; ! s) dx , (3)

bi = btot

!

bin i
f b(x; ! b) dx . (4)

Here the parameterµ determines the strength of the signal process, withµ = 0 corresponding
to the background-only hypothesis and µ = 1 being the nominal signal hypothesis. The
functions f s(x; ! s) and f b(x; ! b) are the probability density functions (pdfs) of the variab le
x for signal and background events, and! s and ! b represent parameters that characterize
the shapes of pdfs. The quantitiesstot and btot are the total mean numbers of signal and
background events, and the integrals in (3) and (4) represent the probabilities for an event to
be found in bin i . Below we will use! = ( ! s, ! b, btot ) to denote all of the nuisance parameters.
The signal normalization stot is not, however, an adjustable parameter but rather is Þxed to
the value predicted by the nominal signal model.

In addition to the measured histogramn one often makes further subsidiary measurements
that help constrain the nuisance parameters. For example, one may select a control sample
where one expects mainly background events and from them construct a histogram of some
chosen kinematic variable. This then gives a set of valuesm = ( m1, . . . , mM ) for the number
of entries in each of theM bins. The expectation value ofmi can be written

E[mi ] = ui (! ) , (5)

where the ui are calculable quantities depending on the parameters! . One often constructs
this measurement so as to provide information on the background normalization parameter
btot and also possibly on the signal and background shape parameters.

The likelihood function is the product of Poisson probabilities for all bins:

L (µ, ! ) =
N"

j =1

(µsj + bj )nj

nj !
e! (µsj + bj )

M"

k=1

umk
k

mk!
e! uk . (6)

To test a hypothesized value ofµ we consider the proÞle likelihood ratio

! (µ) =
L(µ, öö! )

L (öµ, ö! )
. (7)

Here öö! in the numerator denotes the value of! that maximizes L for the speciÞedµ, i.e.,
it is the conditional maximum-likelihood (ML) estimator of ! (and thus is a function of µ).
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is introduced. For each analysis category (k) the number of signal events (nk
signal) is parametrized as:

nk
signal =

!
"""""#
$

i

µi! i,SM ! Ak
i f ! " k

i f

%
&&&&&' ! µ f ! Bf ,SM ! L k (1)

whereA represents the detector acceptance," the reconstruction e! ciency andL the integrated lumi-
nosity. The number of signal events expected from each combination of production and decay mode
is scaled by the corresponding productµiµ f , with no change to the distribution of kinematic or other
properties. This parametrization generalizes the dependence of the signal yields on the production cross
sections and decay branching fractions, allowing for a coherent variation across several channels. This
approach is also general in the sense that it is not restricted by any relationship between production cross
sections and branching ratios. The relationship between production and decay in the context of a speciÞc
theory or benchmark is achieved via a parametrization ofµi, µf " f (! ), where! are the parameters of

Table 1: Summary of the individual channels entering the combined results presented here. In channels
sensitive to associated production of the Higgs boson,V indicates aW or Z boson. The symbols# and$
represent direct products and sums over sets of selection requirements, respectively. The abbreviations
listed here are described in the corresponding References indicated in the last column. For the determi-
nation of the combined signal strengthµ, reported in Section 4, the inclusiveH" ZZ(%)" 4#analysis [8]
is used.

Higgs Boson Subsequent
Sub-Channels

(
L dt

Ref.
Decay Decay [fb&1]

2011
'

s =7 TeV

H " ZZ(%) 4# {4e, 2e2µ,2µ2e, 4µ,2-jet VBF, #-tag} 4.6 [8]

H " $$ Ð
10 categories

4.8 [7]
{pTt # %$ # conversion} $ {2-jet VBF}

H " WW (%) #&#& {ee, eµ, µe, µµ} # {0-jet, 1-jet, 2-jet VBF} 4.6 [9]

H " ''

' lep' lep {eµ} # {0-jet} $ {##} # {1-jet, 2-jet,pT,'' > 100 GeV,VH} 4.6
' lep' had {e, µ} # {0-jet, 1-jet,pT,'' > 100 GeV, 2-jet} 4.6 [10]
' had' had {1-jet, 2-jet} 4.6

VH " Vbb
Z " && Emiss

T ( {120& 160,160& 200, ) 200 GeV} # {2-jet, 3-jet} 4.6
W " #& pW

T ( {< 50, 50& 100,100& 150,150& 200, ) 200 GeV} 4.7 [11]
Z " ## pZ

T ( {< 50,50& 100, 100& 150, 150& 200, ) 200 GeV} 4.7

2012
'

s =8 TeV

H " ZZ(%) 4# {4e, 2e2µ,2µ2e, 4µ,2-jet VBF,#-tag}} 20.7 [8]

H " $$ Ð
14 categories

20.7 [7]
{pTt # %$ # conversion} $ {2-jet VBF} $ {#-tag,Emiss

T -tag, 2-jet VH}
H " WW (%) #&#& {ee, eµ, µe, µµ} # {0-jet, 1-jet, 2-jet VBF} 20.7 [9]

H " ''

' lep' lep {##} # {1-jet, 2-jet,pT,'' > 100 GeV,VH} 13
' lep' had {e, µ} # {0-jet, 1-jet,pT,'' > 100 GeV, 2-jet} 13 [10]
' had' had {1-jet, 2-jet} 13

VH " Vbb
Z " && Emiss

T ( {120& 160,160& 200, ) 200 GeV} # {2-jet, 3-jet} 13
W " #& pW

T ( {< 50, 50& 100,100& 150,150& 200, ) 200 GeV} 13 [11]
Z " ## pZ

T ( {< 50,50& 100, 100& 150, 150& 200, ) 200 GeV} 13
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Ònuisance parametersÓ
represent lack of knowledge 
examples below

cross section scale branching ratio scale 

acceptance efÞciency luminosity

the theory or benchmark under consideration as deÞned in Section 5. In the simplest cases the product
µiµf is also represented by a single signal strength parameterµj, where j is an index representing both
the production and decay indicesi and f . For example, the global signal strengthµ scales the total num-
ber of events from all combinations of production and decay modes relative to their SM values, such that
µ = 0 corresponds to the background-only hypothesis andµ = 1 corresponds to the SM Higgs boson
signal in addition to the background.

The likelihood is a function of a vector of signal strength factorsµ, the massmH and the nuisance
parameters! . Hypothesis testing and conÞdence intervals are based on the proÞle likelihood ratio [17].
The parameters of interest are di! erent in the various tests, while the remaining parameters are proÞled.

Hypothesized values ofµ are tested with a statistic1

" (µ) =
L

!
µ, öö! (µ)

"

L(öµ, ö! )
, (2)

where the single circumßex denotes the unconditional maximum likelihood estimate of a parameter and
the double circumßex (e.g. öö! (µ)) denotes the conditional maximum likelihood estimate (e.g. of ! ) for
given Þxed values ofµ. This test statistic extracts the information on the parameters of interest from the
full likelihood function. When the signal strength parametersµ are reparametrized in terms ofµ(" ), the
same equation is used for" (" ) with µ ! " .

Asymptotically, a test statistic" 2 ln" (µ) of several parameters of interestµ is distributed as a! 2

distribution with n degrees of freedom, wheren is the dimensionality of the vectorµ. In particular,
the 100(1" " )% conÞdence level (CL) contours are deÞned by" 2 ln" (µ) < k" , wherek" satisÞes
P(! 2

n > k" ) = " . For two degrees of freedom the 68% and 95% CL contours are given by" 2 ln" (µ) = 2.3
and 6.0, respectively. All contours shown in the following Sections are based on likelihood evaluations
and can therefore be translated into CL contours only if the asymptotic approximation is valid.2

4 Signal Production Strength in Individual Decay Modes

This section focuses on the global signal strength parameterµ and the individual signal strength param-
etersµi, f which depend upon the production modei and the decay modef , for a Þxed mass hypothesis
mH. Hypothesized values ofµ andµi, f are tested with the statistic" (µ) as deÞned in Eqn. 2.

The best-Þt signal strength parameterµ is a convenient observable to test the compatibility of the
data with the background-only hypothesis (µ = 0) and the SM Higgs hypothesis (µ = 1). The best-
Þt values of the signal strength parameter for each channel independently and for the combination are
illustrated in Fig. 1 and in Table 2 for a mass ofmH = 125.5 GeV, derived from the combination of the
H! ## and H! ZZ(#)! 4$ channels [6]. Checks allowing the Higgs boson mass hypothesis to ßoat,
using it as an additional nuisance parameter in measurements ofµ, and thus taking into account the
experimental uncertainty on its estimate, were performed and no signiÞcant deviations from the results
presented herein were observed.

The measured global signal yield is öµ = 1.30± 0.13 (stat)± 0.14 (sys) formH = 125.5 GeV with all
channels combined. This combined signal strength öµ is consistent with the SM Higgs boson hypothesis
µ = 1 at the 9% level. The consistency with the SM Higgs boson hypothesis is also tested using rectan-
gular pdfs for the dominant theory systematic uncertainties fromgg ! H QCD scale and PDF variations
following the recommendations in Refs. [19, 20]. With this treatment, the consistency of the observed
signal strength with the SM hypothesis increases to$40%. The global compatibilty between the signal

1Here" is used for the proÞle likelihood ratio to avoid confusion with the parameter%used in Higgs boson coupling scale
factor benchmarks [18].

2Whenever probabilities are translated into number of Gaussian standard deviations the two-sided convention is chosen.
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Recast this information in different physically interesting 
scenarios to look for a coherent deviation from the SM

All the information is here

strengths of the Þve channels and the SM expectation of one is about 8%. The compatibility between
the combined best-Þt signal strength öµ and the best-Þt signal strengths of the Þve channels is 13%. The
dependence of the combined value of öµ on the assumedmH has been investigated and is relatively weak:
changing the mass hypothesis between 124.5 and 126.5 GeV changes the value of öµ by about 4%.

Table 2: Summary of the best-Þt values and uncertainties for the signal strengthµ for the individual
channels and their combination at a Higgs boson mass of 125.5 GeV.

Higgs Boson Decay
µ

(mH=125.5 GeV)

VH ! Vbb " 0.4 ± 1.0
H ! !! 0.8 ± 0.7

H ! WW(#) 1.0 ± 0.3
H ! "" 1.6 ± 0.3

H ! ZZ(#) 1.5 ± 0.4

Combined 1.30± 0.20

)µSignal strength (
  -1  0 +1

Combined

 4l! 
(*)

 ZZ!H 

"" !H 

#l# l! 
(*)

 WW!H 

$$ !H 

 bb!W,Z H 

-1Ldt = 4.6 - 4.8 fb% = 7 TeV:  s
-1Ldt = 13 - 20.7 fb% = 8 TeV:  s

-1Ldt = 4.6 fb% = 7 TeV:  s
-1Ldt = 20.7 fb% = 8 TeV:  s

-1Ldt = 4.8 fb% = 7 TeV:  s
-1Ldt = 20.7 fb% = 8 TeV:  s

-1Ldt = 4.6 fb% = 7 TeV:  s
-1Ldt = 20.7 fb% = 8 TeV:  s

-1Ldt = 4.6 fb% = 7 TeV:  s
-1Ldt = 13 fb% = 8 TeV:  s

-1Ldt = 4.7 fb% = 7 TeV:  s
-1Ldt = 13 fb% = 8 TeV:  s

 = 125.5 GeVHm

 0.20± = 1.30 µ

ATLAS Preliminary

Figure 1: Measurements of the signal strength parameterµ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely Þxed oncemH is speciÞed. The best-Þt value
for the global signal strength factorµ does not give any direct information on the relative contributions
from di! erent production modes. Furthermore, Þxing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in di! erent decay modes, the signal strengths of di! erent Higgs production processes
contributing to the same Þnal state are determined. Such a separation avoids model assumptions needed
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for a consistent parametrization of both production and decay modes in terms of Higgs boson couplings.
Since several Higgs boson production modes are available at the LHC, results shown in two di-

mensional plots require either someµi to be Þxed or severalµi to be related. No directtøtH production
has been observed yet, hence a common signal strength scale factorµggF+tøtH has been assigned to both
gluon fusion production (ggF) and the very smalltøtH production mode, as they both scale dominantly
with the ttH coupling in the SM. Similarly, a common signal strength scale factorµVBF+VH has been
assigned to the VBF andVH production modes, as they scale with theWH/ZH gauge coupling in the
SM. The resulting contours for theH! !! , H! WW(")! "#"#, H! ZZ(")! 4" andH ! $$ channels
for mH=125.5 GeV are shown in Fig. 2.

SM B/B! 
ggF+ttH

µ
-2 -1 0 1 2 3 4 5 6 7 8

S
M

 B
/B

! 
V

B
F

+
V

H
µ

-4
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6

8

10

Standard Model
Best fit
68% CL
95% CL

"" #H 

 4l# 
(*)

 ZZ#H 
$l$ l# 

(*)
 WW#H 

%% #H 

PreliminaryATLAS 
-1Ldt = 4.6-4.8 fb& = 7 TeV:  s
-1Ldt = 13-20.7 fb& = 8 TeV:  s

 = 125.5 GeVHm

Figure 2: Likelihood contours for theH! !! , H! ZZ(")! 4", H! WW(")! "#"# andH ! $$channels
in the (µggF+tøtH, µVBF+VH) plane for a Higgs boson mass hypothesis ofmH = 125.5 GeV. BothµggF+tøtH

andµVBF+VH are modiÞed by the branching ratio factors B/ BSM, which are di! erent for the di! erent
Þnal states. The quantityµggF+tøtH (µVBF+VH) is a common scale factor for the gluon fusion andtøtH (VBF
andVH) production cross sections. The best Þt to the data (#) and 68% (full) and 95% (dashed) CL
contours are also indicated, as well as the SM expectation (+).

The factorsµi are not constrained to be positive in order to account for a deÞcit of events from the
corresponding production process. As described in Ref. [12], while the signal strengths may be negative,
the total probability density function must remain positive everywhere, and hence the total number of
expected signal+background events has to be positive everywhere. This restriction is responsible for
the sharp cuto! in theH! ZZ(")! 4" contour. It should be noted that each contour refers to a di! erent
branching fraction B/ BSM, hence a direct combination of the contours from di! erent Þnal states is not
possible.

It is nevertheless possible to use the ratio of production modes channel by channel to eliminate the
dependence on the branching fractions and illustrate the relative discriminating power between ggF+ tøtH
and VBF+ VH, and test the compatibility of the measurements among channels. The relevant channels
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ratio of BR("" )/BR(WW) is > 1
" ""  is measured high
" WW is at SM expectation
 

Example
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for the global signal strength factorµ does not give any direct information on the relative contributions
from di! erent production modes. Furthermore, Þxing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in di! erent decay modes, the signal strengths of di! erent Higgs production processes
contributing to the same Þnal state are determined. Such a separation avoids model assumptions needed
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Figure 4: Likelihood curves for pairwise ratios of branching ratios normalized to their SM expectations
(a) ! "" /ZZ, (b) ! "" / WW and (c)! ZZ/ WW of the H! "" , H! ZZ(")! 4# andH! WW(")! #$#$channels,
for a Higgs boson mass hypothesis ofmH = 125.5 GeV. The dashed curves show the SM expectation.

where%ii is the production cross section through the initial stateii , ! ! the partial decay width into
the Þnal state! and! H the total width of the Higgs boson.

¥ Only modiÞcations of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar as in the SM.

The LO motivated coupling scale factors! j are deÞned in such a way that the cross sections%j and
the partial decay widths! j associated with the SM particlej scale with the factor! 2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [3,18]

Taking the process gg! H ! "" as an example, one would write the cross section as:

%áBR (gg ! H ! "" ) = %SM(gg ! H) áBRSM(H ! "" ) á
! 2

g á! 2
"

! 2
H

(9)

where the values and uncertainties for both%SM(gg ! H) and BRSM(H ! "" ) are taken from Refs. [19,
20,22] for a given Higgs boson mass hypothesis.

In some of the Þts the e" ective scale factors! " and! g for the processes H! "" and gg! H, which
are loop induced in the SM, are treated as a function of the more fundamental coupling scale factors! t,

9
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Couplings
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Working Assumptions of LO tree level motivated framework:
single narrow resonance with a mass near 125.5 GeV
zero-width approximation -
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Figure 3: Likelihood curves for the ratio (a) µVBF+VH/µ ggF+tt̄H and (b) µVBF/µ ggF+tt̄H for the H! γγ,
H! ZZ(" )! 4", H! WW(" )! "ν"ν and H ! ττ channels and their combination for a Higgs boson
mass hypothesis of mH = 125.5 GeV. The branching ratios and possible non-SM e! ects coming from
the branching ratios cancel in µVBF+VH/µ ggF+tt̄H and µVBF/µ ggF+tt̄H , hence the di! erent measurements
from all four channels can be compared and combined. For the measurement of µVBF/µ ggF+tt̄H , the
signal strength µVH is profiled. The dashed curves show the SM expectation for the combination. The
horizontal dashed lines indicate the 68% and 95% confidence levels.

Figure 4 shows the likelihood as a function of the ratios ρXX/ YY for pairwise combinations of the
H! γγ, H! ZZ(" )! 4" and H! WW(" )! "ν"ν channels, while profiling over the parameters µggF+tt̄H;H! YY

and µVBF+VH/µ ggF+tt̄H . The best-fit values are

ργγ/ZZ = 1.1+0.4
#0.3

ργγ/ WW = 1.7+0.7
#0.5 (7)

ρZZ/ WW = 1.6+0.8
#0.5 ,

in agreement with the SM expectation of one.

5 Coupling fits

In the previous section signal strength scale factors µi, f for either the Higgs production or decay modes
were determined. However, for a consistent measurement of Higgs boson couplings, production and de-
cay modes cannot be treated independently. Following the framework and benchmarks as recommended
in Ref. [18,21], measurements of coupling scale factors are implemented using a LO tree level motivated
framework. This framework makes the following assumptions:

• The signals observed in the di! erent search channels originate from a single narrow resonance
with a mass near 125.5 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

• The width of the assumed Higgs boson near 125.5 GeV is neglected, i.e. the zero-width approxi-
mation for this state is used. Hence the product σ $ BR(ii ! H ! ff ) can be decomposed in the
following way for all channels:

σ $ BR(ii ! H ! ff ) =
σii · " ff

" H
, (8)
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Figure 4: Likelihood curves for pairwise ratios of branching ratios normalized to their SM expectations
(a) ! "" /ZZ, (b) ! "" / WW and (c)! ZZ/ WW of the H→ "" , H→ZZ(∗)→4# andH→WW(∗)→#$#$channels,
for a Higgs boson mass hypothesis ofmH = 125.5 GeV. The dashed curves show the SM expectation.

where%ii is the production cross section through the initial stateii , ! ! the partial decay width into
the Þnal state! and! H the total width of the Higgs boson.

¥ Only modiÞcations of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar as in the SM.

The LO motivated coupling scale factors! j are deÞned in such a way that the cross sections%j and
the partial decay widths! j associated with the SM particlej scale with the factor! 2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [3,18]

Taking the process gg→ H → "" as an example, one would write the cross section as:

%áBR (gg→ H → "" ) = %SM(gg→ H) áBRSM(H → "" ) á
! 2

g á! 2
"

! 2
H

(9)

where the values and uncertainties for both%SM(gg→ H) and BRSM(H → "" ) are taken from Refs. [19,
20,22] for a given Higgs boson mass hypothesis.

In some of the Þts the e" ective scale factors! " and! g for the processes H→ "" and gg→ H, which
are loop induced in the SM, are treated as a function of the more fundamental coupling scale factors! t,

9

An example:
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1. Fermion versus Vector Couplings
AARON ARMBRUSTER

Fermion versus Vector Couplings

Fermion versus Vector Coupling Models

Model Free Parameters

SM Particles Only
! F (= ! t = ! b = ! ! = ! g)

! V (= ! W = ! Z )

Free Total Width
" FV = " F

" V
! POI

! V V =
" 2

V
" H

Free Total Width " FV = " F
" V

! POI

+ Free ## loop ! V V =
" 2

V
" H

! #V = " !
" V

¥ Test Fermion vs Vector couplings under various assumptions

Ð Can assume no new particles enter total width

Ð Can assume no new particles enter H " ## loop

FERMION VERSUSVECTORC OUPLINGS 23. M ARCH 14, 2013

Currently bb and !!  modes are compatible with both Higgs 
boson signal and SM background hypothesis at 95%CL

Test Fermion vs Vector  couplings under various assumptions
Simplest - assume only SM particles & total Width
Then - release total width assumption
Finally - release H! ""  loop content assumption

7Tuesday, May 14, 13



Fermion versus Vector Couplings AARON ARMBRUSTER

Vector vs Fermion (SM Particles Only)
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ATLAS Preliminary
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]F!,V![
Observed
SM expected-1Ldt = 13-20.7 fb# = 8 TeV, s

-1Ldt = 4.6-4.8 fb# = 7 TeV, s

ATLAS Preliminary

¥ Assume only SM particles enter total width and !! decay loop

¥ Example: " (gg ! H ) á B(H ! V V( ! ) )"
! 2

F á! 2
V

0.75á! 2
F

+0 .25á! 2
V

¥ #F # [$ 0.88, $ 0.75] %[0.73, 1.07]

¥ #V # [0.91, 0.97] %[1.05, 1.21]

VECTOR VSFERMION (SM PARTICLESO NLY) 24. M ARCH 14, 2013

Assume only SM particles  enter total width and "" decay loop

Example!  

68% CL:
KF !  [-0.88,-0.75] "  [0.73,1.07] - incompatible with zero!
KV !  [0.91,0.97] "  [1.05,1.21]

AARON ARMBRUSTER

Vector vs Fermion (SM Particles Only)
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Observed
SM expected-1Ldt = 13-20.7 fb# = 8 TeV, s

-1Ldt = 4.6-4.8 fb# = 7 TeV, s

ATLAS Preliminary
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]F!,V![
Observed
SM expected-1Ldt = 13-20.7 fb# = 8 TeV, s

-1Ldt = 4.6-4.8 fb# = 7 TeV, s

ATLAS Preliminary

¥ Assume only SM particles enter total width and !! decay loop

¥ Example: " (gg ! H ) á B(H ! V V( ! ) )"
! 2

F á! 2
V

0.75á! 2
F

+0 .25á! 2
V

¥ #F # [$ 0.88, $ 0.75] %[0.73, 1.07]

¥ #V # [0.91, 0.97] %[1.05, 1.21]

VECTOR VSFERMION (SM PARTICLESO NLY) 24. M ARCH 14, 2013
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Interference AARON ARMBRUSTER

Interference

V!

0.7 0.8 0.9 1 1.1 1.2 1.3

F
!

-1

0

1

2

3

SM
Best fit
68% CL
95% CL

-1Ldt = 13-20.7 fb" = 8 TeV, s

-1Ldt = 4.6-4.8 fb" = 7 TeV, s

ATLAS Preliminary

! "

"

"

H

2

! #AF "

2

#AV"
! F

"

"

H
F

! V

"

"

H
V

! 2
" ! ! 2

F ! 2
V! F ! V0.07 0.66 1.59

¥ Two minima in likelihood due to V/F interference within H ! !! loop

INTERFERENCE 25. M ARCH 14, 2013

V/F interference in "" decay loop - sensitivity to relative sign

Assume only SM particles  enter total width and "" decay loop
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Relaxing Assumptions AARON ARMBRUSTER

Relaxing Assumptions

FV!
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Observed
SM expected-1Ldt = 13-20.7 fb$ = 8 TeV, s

-1Ldt = 4.6-4.8 fb$ = 7 TeV, s

ATLAS Preliminary

¥ Previous model assumed ! 2
H = 0 .75á! 2

F + 0 .25á! 2
V

¥ Left: Model can be parametrized such that ! H is proÞled out

Ð " F V = ! V / ! F ! [" 0.94, " 0.80] # [0.67, 0.93]

¥ Right: Also relax assumption about contributions to ! !

Ð " F V = 0 .85+0 .23
! 0.13

RELAXING ASSUMPTIONS 26. M ARCH 14, 2013

Previous model assumed KH2 = 0.75 KF2 + 0.25 KV2

AARON ARMBRUSTER

Relaxing Assumptions
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Observed
SM expected-1Ldt = 13-20.7 fb$ = 8 TeV, s

-1Ldt = 4.6-4.8 fb$ = 7 TeV, s

ATLAS Preliminary

¥ Previous model assumed ! 2
H = 0 .75á! 2

F + 0 .25á! 2
V

¥ Left: Model can be parametrized such that ! H is proÞled out

Ð " F V = ! V / ! F ! [" 0.94, " 0.80] # [0.67, 0.93]

¥ Right: Also relax assumption about contributions to ! !

Ð " F V = 0 .85+0 .23
! 0.13

RELAXING ASSUMPTIONS 26. M ARCH 14, 2013

AARON ARMBRUSTER

Fermion versus Vector Couplings

Fermion versus Vector Coupling Models

Model Free Parameters

SM Particles Only
! F (= ! t = ! b = ! ! = ! g)

! V (= ! W = ! Z )

Free Total Width
" FV = " F

" V
! POI

! V V =
" 2

V
" H

Free Total Width " FV = " F
" V

! POI

+ Free ## loop ! V V =
" 2

V
" H

! #V = " !
" V

¥ Test Fermion vs Vector couplings under various assumptions

Ð Can assume no new particles enter total width

Ð Can assume no new particles enter H " ## loop

FERMION VERSUSVECTORC OUPLINGS 23. M ARCH 14, 2013

AARON ARMBRUSTER

Fermion versus Vector Couplings

Fermion versus Vector Coupling Models

Model Free Parameters

SM Particles Only
! F (= ! t = ! b = ! ! = ! g)

! V (= ! W = ! Z )

Free Total Width
" FV = " F

" V
! POI

! V V =
" 2

V
" H

Free Total Width " FV = " F
" V

! POI

+ Free ## loop ! V V =
" 2

V
" H

! #V = " !
" V

¥ Test Fermion vs Vector couplings under various assumptions

Ð Can assume no new particles enter total width

Ð Can assume no new particles enter H " ## loop

FERMION VERSUSVECTORC OUPLINGS 23. M ARCH 14, 2013

#FV !  [-0.94,-0.80] "  [0.67,0.93] (68% C.L.)

#FV = 0.85+0.23-0.13 

AARON ARMBRUSTER

Fermion versus Vector Couplings

Fermion versus Vector Coupling Models

Model Free Parameters

SM Particles Only
! F (= ! t = ! b = ! ! = ! g)

! V (= ! W = ! Z )

Free Total Width
" FV = " F

" V
! POI

! V V =
" 2

V
" H

Free Total Width " FV = " F
" V

! POI

+ Free ## loop ! V V =
" 2

V
" H

! #V = " !
" V

¥ Test Fermion vs Vector couplings under various assumptions

Ð Can assume no new particles enter total width

Ð Can assume no new particles enter H " ## loop

FERMION VERSUSVECTORC OUPLINGS 23. M ARCH 14, 2013

AARON ARMBRUSTER

Fermion versus Vector Couplings

Fermion versus Vector Coupling Models

Model Free Parameters

SM Particles Only
! F (= ! t = ! b = ! ! = ! g)

! V (= ! W = ! Z )

Free Total Width
" FV = " F

" V
! POI

! V V =
" 2

V
" H

Free Total Width " FV = " F
" V

! POI

+ Free ## loop ! V V =
" 2

V
" H

! #V = " !
" V

¥ Test Fermion vs Vector couplings under various assumptions

Ð Can assume no new particles enter total width

Ð Can assume no new particles enter H " ## loop

FERMION VERSUSVECTORC OUPLINGS 23. M ARCH 14, 2013

Relax assumption of contributions to K"
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2. Custodial Symmetry

AARON ARMBRUSTER

Custodial Symmetry

Custodial Symmetry Models

Model Free Parameters

Free Total Width

! W Z = ! W
! Z

! POI

" ZZ =
! 2

Z
! H

! F Z = ! F
! Z

Free Total Width
Above, + ! " Z = " " / " Z

+ Free ## loop

¥ Identical coupling scale factors for W and Z bosons (custodi al

symmetry) has strong theoretical and experimental bounds

Ð LetÕs test it in the Higgs sector!

C USTODIALSYMMETRY 27. M ARCH 14, 2013

Custodial Symmetry : Identical coupling for W and Z
Has strong theoretical and experimental bounds
Can now be vetted in the Higgs sector!

(No assumption on total width)
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Custodial Symmetry AARON ARMBRUSTER

Custodial Symmetry
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]ZZ#,Z%!,FZ!,WZ![

Observed
SM expected-1Ldt = 13-20.7 fb$ = 8 TeV, s

-1Ldt = 4.6-4.8 fb$ = 7 TeV, s

ATLAS Preliminary

¥ Left: Assume only SM particles enter !! loop

Ð " W Z ! [0.64, 0.87]

¥ Right: No assumption on !! loop

Ð " W Z = 0 .80 ± 0.15

C USTODIALSYMMETRY 28. M ARCH 14, 2013

Previously assumed KH2 = 0.75 KF2 + 0.25 KV2

Assume only SM particles 
enter ""  loop

#WZ !  [0.64,0.87]
AARON ARMBRUSTER

Custodial Symmetry

WZ!
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Observed
SM expected-1Ldt = 13-20.7 fb$ = 8 TeV, s

-1Ldt = 4.6-4.8 fb$ = 7 TeV, s
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¥ Left: Assume only SM particles enter !! loop

Ð " W Z ! [0.64, 0.87]

¥ Right: No assumption on !! loop

Ð " W Z = 0 .80 ± 0.15

C USTODIALSYMMETRY 28. M ARCH 14, 2013

No assumptions on ""
 loop content 

include

#WZ = 0.80±0.15

AARON ARMBRUSTER

Custodial Symmetry

Custodial Symmetry Models

Model Free Parameters

Free Total Width

! W Z = ! W
! Z

! POI

" ZZ =
! 2

Z
! H

! F Z = ! F
! Z

Free Total Width
Above, + ! " Z = " " / " Z

+ Free ## loop

¥ Identical coupling scale factors for W and Z bosons (custodi al

symmetry) has strong theoretical and experimental bounds

Ð LetÕs test it in the Higgs sector!

C USTODIALSYMMETRY 27. M ARCH 14, 2013
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3. Probing Non-SM Loop Contributions
AARON ARMBRUSTER

Probing non-SM Loop Contributions

! "

"

"

H
!

! SM
F

"

"

H
F

! SM
V

"

"

H
V

"

"

H
! ??

Vertex Loop Models

Model Free Parameters Example

SM only in Total Width
! g

" (gg ! H ) á B(H ! ##) "
! 2

g ! 2
!

0.085 ! 2
g +0 .0023 ! 2

! +0 .91! "

Free Total Width

! g

" (gg ! H ) á B(H ! ##) "
! 2

g ! 2
! á(1 ! BR inv ., undet . )

0.085 ! 2
g +0 .0023 ! 2

! +0 .91! "

BRinv ., undet .

¥ Fix all non-loop ! i to SM value of 1

¥ Directly measure effective couplings to test for non-SM con tributions

¥ Put limit on decays to invisible and undetectable modes

PROBING NON-SM LOOP C ONTRIBUTIONS 29. M ARCH 14, 2013

Fix all non-loop Ki to SM value of 1
Directly measure effective couplings-test non-SM contributions

Kg = 1.08 ± 0.14          K"  = 1.23 + 0.16 - 0.13AARON ARMBRUSTER

Free Total Width

! SM
F

f

øf

H

! SM
V

V

V

H

Fundet.

øFundet.

H
! undet.! "
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Observed
SM expected-1Ldt = 13-20.7 fb$ = 8 TeV, s

-1Ldt = 4.6-4.8 fb$ = 7 TeV, s

ATLAS Preliminary

¥ ! (gg ! H ) á B(H ! "" )

"
! 2

g ! 2
! á(1 ! BR inv ., undet . )

0.085 ! 2
g +0 .0023 ! 2

! +0 .91

Ð ProÞle #g and #"

Ð BRundet .
inv . < 0.33 at 68% CL

FREETOTAL WIDTH 31. M ARCH 14, 2013

BRinvis/undet < 0.33 @ 68% CL
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Summary

AARON ARMBRUSTER

Result Summary

Global Production Decay

ömH = 125.5+0 .5
! 0.6 GeV ZV BF + V H = 3 .3 (2.7 exp) ! !!

ZZ = 1 .1+0 .4
! 0.3

öµ = 1 .3 ± 0.2 ZV BF = 3 .1 (2.5 exp) ! !!
W W = 1 .7+0 .7

! 0.5

Z = X (Y exp) ! W W
ZZ = 1 .6+0 .8

! 0.5

Couplings

Vector/Fermion

SM Particles
" V ! [" 0.88, " 0.75] # [0.73, 1.07]

" F ! [0.91, 0.97] # [1.05, 1.21]

+Free ! H #V F ! [" 0.94, " 0.8] # [0.67, 0.93]

+Free ! !! #V F = 0 .85+0 .23
! 0.13

Custodial Sym
Free ! H #W Z ! [0.64, 0.87]

+Free ! !! #W Z = 0 .80 ± 0.15

Loop Vertices
Non-loop " i = 1

" g = 1 .08 ± 0.14

" ! = 1 .23+0 .16
! 0.13

Inv./Undet. Decays BRundet .
inv . < 0.33 (68% CL)

parameter value
-1 0 1

i,u1-B

!"

g"

WZ#

FV#

F"

V"

ATLAS Preliminary -1Ldt = 4.6-4.8 fb$ = 7 TeV, s
-1Ldt = 13-20.7 fb$ = 8 TeV, s

 = 125.5 GeVHm

m
od

el
:

F
", 

V
"

m
od

el
:

V
V

", 
F

V
#

m
od

el
: ,

F
Z

#, 
W

Z
#

Z
Z

"

m
od

el
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", g
"

% 1± % 2±

¥ Higgs-like boson?

Ð Do we still have a top-like quark? (-John Alison)

RESULTSUMMARY 32. M ARCH 14, 2013

Evidence has stacked up to drop the ÒlikeÓ in Higgs-like
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Summary Table

AARON ARMBRUSTER

Summary Table

Higgs Boson Subsequent
Sub-Channels

!
L dt

Decay Decay [fb ! 1 ]

2011
!

s = 7 TeV

H " ZZ ( " ) 4! { 4e,2e2µ, 2µ2e,4µ} 4.6

H " "" Ð
10 categories

4.8
{ pTt # #! # conversion} $ { 2-jet VBF}

H " W W ( " ) !$!$ { ee, eµ, µe, µµ} # { 0-jet, 1-jet, 2-jet VBF } 4.7

H " %%

%lep %lep { eµ} # { 0-jet } $ { !! } # { 1-jet, 2-jet, pT ," " > 100 GeV, V H } 4.6

%lep %had { e, µ} # { 0-jet, 1-jet, pT ," " > 100 GeV, 2-jet } 4.6

%had %had { 1-jet, 2-jet } 4.6

V H " V bb

Z " $$ E miss
T %{ 120& 160, 160& 200, ' 200 GeV} # { 2-jet, 3-jet} 4.6

W " !$ pW
T %{ < 50, 50 & 100, 100& 150, 150& 200, ' 200 GeV} 4.7

Z " !! pZ
T %{ < 50, 50 & 100, 100& 150, 150& 200, ' 200 GeV} 4.7

2012
!

s = 8 TeV

H " ZZ ( " ) 4! { 4e,2e2µ, 2µ2e,4µ, 2 & jet VBF , ! & tag} 20.7

H " "" Ð
14 categories

20.7
{ pTt # #! # conversion} $ { 2-jet VBF} $ { ! -tag, E miss

T -tag, 2-jet VH }

H " W W ( " ) !$!$ { ee, eµ, µe, µµ} # { 0-jet, 1-jet, 2-jet VBF } 20.7

H " %%

%lep %lep { !! } # { 1-jet, 2-jet, pT ," " > 100 GeV, V H } 13

%lep %had { e, µ} # { 0-jet, 1-jet, pT ," " > 100 GeV, 2-jet } 13

%had %had { 1-jet, 2-jet } 13

V H " V bb

Z " $$ E miss
T %{ 120& 160, 160& 200, ' 200 GeV} # { 2-jet, 3-jet} 13

W " !$ pW
T %{ < 50, 50 & 100, 100& 150, 150& 200, ' 200 GeV} 13

Z " !! pZ
T %{ < 50, 50 & 100, 100& 150, 150& 200, ' 200 GeV} 13

SUMMARY TABLE 4. M ARCH 14, 2013
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Combined VBF vs ggF measurement

ggF+ttH
µ / 

VBF+VH
µ

-0.5 0 0.5 1 1.5 2 2.5 3 3.5

!
-2

 ln
 

0

2

4

6

8

10

12

14

combined
SM expected

"" #H 

 4l# 
(*)

 ZZ#H 
$l$ l# 

(*)
 WW#H 

%% #H 

PreliminaryATLAS 
-1Ldt = 4.6-4.8 fb& = 7 TeV:  s
-1Ldt = 13-20.7 fb& = 8 TeV:  s

 = 125.5 GeVHm

(a)

ggF+ttH
µ / 

VBF
µ

-0.5 0 0.5 1 1.5 2 2.5 3 3.5

!
-2

 ln
 

0

2

4

6

8

10

12

14

combined
SM expected

PreliminaryATLAS 
-1Ldt = 4.6-4.8 fb" = 7 TeV:  s
-1Ldt = 13-20.7 fb" = 8 TeV:  s

 = 125.5 GeVHm

VH
µprofiled 

(b)

Figure 3: Likelihood curves for the ratio (a)µVBF+VH/µ ggF+tøtH and (b)µVBF/µ ggF+tøtH for the H! !! ,
H! ZZ(")! 4", H! WW(")! "#"# and H ! $$ channels and their combination for a Higgs boson
mass hypothesis ofmH = 125.5 GeV. The branching ratios and possible non-SM e! ects coming from
the branching ratios cancel inµVBF+VH/µ ggF+tøtH andµVBF/µ ggF+tøtH, hence the di! erent measurements
from all four channels can be compared and combined. For the measurement ofµVBF/µ ggF+tøtH, the
signal strengthµVH is proÞled. The dashed curves show the SM expectation for the combination. The
horizontal dashed lines indicate the 68% and 95% conÞdence levels.

Figure 4 shows the likelihood as a function of the ratios%XX/ YY for pairwise combinations of the
H! !! , H! ZZ(")! 4" andH! WW(")! "#"#channels, while proÞling over the parametersµggF+tøtH;H! YY

andµVBF+VH/µ ggF+tøtH. The best-Þt values are

%!! /ZZ = 1.1+0.4
#0.3

%!! / WW = 1.7+0.7
#0.5 (7)

%ZZ/ WW = 1.6+0.8
#0.5 ,

in agreement with the SM expectation of one.

5 Coupling Þts

In the previous section signal strength scale factorsµi, f for either the Higgs production or decay modes
were determined. However, for a consistent measurement of Higgs boson couplings, production and de-
cay modes cannot be treated independently. Following the framework and benchmarks as recommended
in Ref. [18,21], measurements of coupling scale factors are implemented using a LO tree level motivated
framework. This framework makes the following assumptions:

¥ The signals observed in the di! erent search channels originate from a single narrow resonance
with a mass near 125.5 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

¥ The width of the assumed Higgs boson near 125.5 GeV is neglected, i.e. the zero-width approxi-
mation for this state is used. Hence the product& $ BR(ii ! H ! ! ) can be decomposed in the
following way for all channels:

& $ BR(ii ! H ! ! ) =
&ii á" !

" H
, (8)

8

have the following proportionality:

! (gg ! H) " BR(H! "" ) # µggF+tøtH;H! ""

! (qq$ ! qq$H) " BR(H! "" ) # µggF+tøtH;H! "" áµVBF+VH/µ ggF+tøtH

! (gg ! H) " BR(H ! ZZ(")) # µggF+tøtH;H! ZZ(")

! (qq$ ! qq$H) " BR(H ! ZZ(")) # µggF+tøtH;H! ZZ(") áµVBF+VH/µ ggF+tøtH

! (gg ! H) " BR(H ! WW(")) # µggF+tøtH;H! WW(") (3)

! (qq$ ! qq$H) " BR(H ! WW(")) # µggF+tøtH;H! WW(") áµVBF+VH/µ ggF+tøtH

! (gg ! H) " BR(H ! ##) # µggF+tøtH;H! ##

! (qq$ ! qq$H) " BR(H ! ##) # µggF+tøtH;H! ## áµVBF+VH/µ ggF+tøtH

whereµggF+tøtH;H! XX is deÞned as

µggF+tøtH;H! XX =
! (ggF)áBR(H ! XX)

! SM(ggF)áBRSM(H ! XX)
=

! (tøtH) áBR(H ! XX)
! SM(tøtH) áBRSM(H ! XX)

(4)

andµVBF+VH/µ ggF+tøtH is the parameter of interest giving the ratio between VBF+ VH and ggF+ tøtH
scale factors.

The likelihood as a function of the common ratioµVBF+VH/µ ggF+tøtH, while proÞling over all pa-
rametersµggF+tøtH;H! XX, is shown in Fig. 3 for theH! "" , H! ZZ(")! 4$, H! WW(")! $%$%and
H ! ## channels and their combination. For this combination it is only necessary to assume that
the same bosonH is responsible for all observed Higgs-like signals and that the separation of gluon-
fusion-like events and VBF-like events within the individual analyses based on the event kinematic
properties is valid. The measurements in the four channels, as well as the observed combined ratio
µVBF+VH/µ ggF+tøtH = 1.2+0.7

%0.5 , are compatible with the SM expectation of unity. The p-value3 when test-
ing the hypothesisµVBF+VH/µ ggF+tøtH = 0 is 0.05% , corresponding to a signiÞcance against the vanishing
vector boson mediated production assumption of 3.3! . The ratioµVBF/µ ggF+tøtH, where the signal strength
µVH of theVH Higgs production process is proÞled instead of being treated together withµVBF, gives
the same result ofµVBF/µ ggF+tøtH = 1.2+0.7

%0.5. The p-value forµVBF/µ ggF+tøtH = 0 is 0.09% corresponding
to a signiÞcance against the vanishing VBF production assumption of 3.1! .

In another approach the dependence on the individual productionµi cancels out when taking the
ratio of µi & BRwithin the same production mode. For the example of theH! "" andH! ZZ(")! 4$
channels, this results in a ratio of relative branching ratios&, deÞned as:

&"" /ZZ =
BR(H! "" )

BR(H ! ZZ("))
&

BRSM(H ! ZZ("))
BRSM(H! "" )

, (5)

where the Þrst term is the ratio of branching ratios and the second term rescales this ratio to the SM
expectations. The relevant channels have the following proportionality:

! (gg ! H) " BR(H! "" ) # µggF+tøtH;H! ZZ(") á&"" /ZZ

! (qq$ ! qq$H) " BR(H! "" ) # µggF+tøtH;H! ZZ(") áµVBF+VH/µ ggF+tøtH á&"" /ZZ

! (gg ! H) " BR(H ! ZZ(")) # µggF+tøtH;H! ZZ(") (6)

! (qq$ ! qq$H) " BR(H ! ZZ(")) # µggF+tøtH;H! ZZ(") áµVBF+VH/µ ggF+tøtH

3The p-value and signiÞcance are calculated for the test hypothesisµVBF+VH/µ ggF+tøtH = 0 against the one-sided alternative
µVBF+VH/µ ggF+tøtH > 0 using the proÞle likelihood test statistic.
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Figure 4: Likelihood curves for pairwise ratios of branching ratios normalized to their SM expectations
(a) ! "" /ZZ, (b) ! "" / WW and (c)! ZZ/ WW of the H! "" , H! ZZ(")! 4# andH! WW(")! #$#$channels,
for a Higgs boson mass hypothesis ofmH = 125.5 GeV. The dashed curves show the SM expectation.

where%ii is the production cross section through the initial stateii , ! ! the partial decay width into
the Þnal state! and! H the total width of the Higgs boson.

¥ Only modiÞcations of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar as in the SM.

The LO motivated coupling scale factors! j are deÞned in such a way that the cross sections%j and
the partial decay widths! j associated with the SM particlej scale with the factor! 2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [3,18]

Taking the process gg! H ! "" as an example, one would write the cross section as:

%áBR (gg ! H ! "" ) = %SM(gg ! H) áBRSM(H ! "" ) á
! 2

g á! 2
"

! 2
H

(9)

where the values and uncertainties for both%SM(gg ! H) and BRSM(H ! "" ) are taken from Refs. [19,
20,22] for a given Higgs boson mass hypothesis.

In some of the Þts the e" ective scale factors! " and! g for the processes H! "" and gg! H, which
are loop induced in the SM, are treated as a function of the more fundamental coupling scale factors! t,

9

have the following proportionality:

! (gg ! H) " BR(H! "" ) # µggF+tøtH;H! ""

! (qq$ ! qq$H) " BR(H! "" ) # µggF+tøtH;H! "" áµVBF+VH/µ ggF+tøtH

! (gg ! H) " BR(H ! ZZ(")) # µggF+tøtH;H! ZZ(")

! (qq$ ! qq$H) " BR(H ! ZZ(")) # µggF+tøtH;H! ZZ(") áµVBF+VH/µ ggF+tøtH

! (gg ! H) " BR(H ! WW(")) # µggF+tøtH;H! WW(") (3)

! (qq$ ! qq$H) " BR(H ! WW(")) # µggF+tøtH;H! WW(") áµVBF+VH/µ ggF+tøtH

! (gg ! H) " BR(H ! ##) # µggF+tøtH;H! ##

! (qq$ ! qq$H) " BR(H ! ##) # µggF+tøtH;H! ## áµVBF+VH/µ ggF+tøtH

whereµggF+tøtH;H! XX is deÞned as

µggF+tøtH;H! XX =
! (ggF)áBR(H ! XX)

! SM(ggF)áBRSM(H ! XX)
=

! (tøtH) áBR(H ! XX)
! SM(tøtH) áBRSM(H ! XX)

(4)

andµVBF+VH/µ ggF+tøtH is the parameter of interest giving the ratio between VBF+ VH and ggF+ tøtH
scale factors.

The likelihood as a function of the common ratioµVBF+VH/µ ggF+tøtH, while proÞling over all pa-
rametersµggF+tøtH;H! XX, is shown in Fig. 3 for theH! "" , H! ZZ(")! 4$, H! WW(")! $%$%and
H ! ## channels and their combination. For this combination it is only necessary to assume that
the same bosonH is responsible for all observed Higgs-like signals and that the separation of gluon-
fusion-like events and VBF-like events within the individual analyses based on the event kinematic
properties is valid. The measurements in the four channels, as well as the observed combined ratio
µVBF+VH/µ ggF+tøtH = 1.2+0.7

%0.5 , are compatible with the SM expectation of unity. The p-value3 when test-
ing the hypothesisµVBF+VH/µ ggF+tøtH = 0 is 0.05% , corresponding to a signiÞcance against the vanishing
vector boson mediated production assumption of 3.3! . The ratioµVBF/µ ggF+tøtH, where the signal strength
µVH of theVH Higgs production process is proÞled instead of being treated together withµVBF, gives
the same result ofµVBF/µ ggF+tøtH = 1.2+0.7

%0.5. The p-value forµVBF/µ ggF+tøtH = 0 is 0.09% corresponding
to a signiÞcance against the vanishing VBF production assumption of 3.1! .

In another approach the dependence on the individual productionµi cancels out when taking the
ratio of µi & BRwithin the same production mode. For the example of theH! "" andH! ZZ(")! 4$
channels, this results in a ratio of relative branching ratios&, deÞned as:

&"" /ZZ =
BR(H! "" )

BR(H ! ZZ("))
&

BRSM(H ! ZZ("))
BRSM(H! "" )

, (5)

where the Þrst term is the ratio of branching ratios and the second term rescales this ratio to the SM
expectations. The relevant channels have the following proportionality:

! (gg ! H) " BR(H! "" ) # µggF+tøtH;H! ZZ(") á&"" /ZZ

! (qq$ ! qq$H) " BR(H! "" ) # µggF+tøtH;H! ZZ(") áµVBF+VH/µ ggF+tøtH á&"" /ZZ

! (gg ! H) " BR(H ! ZZ(")) # µggF+tøtH;H! ZZ(") (6)

! (qq$ ! qq$H) " BR(H ! ZZ(")) # µggF+tøtH;H! ZZ(") áµVBF+VH/µ ggF+tøtH

3The p-value and signiÞcance are calculated for the test hypothesisµVBF+VH/µ ggF+tøtH = 0 against the one-sided alternative
µVBF+VH/µ ggF+tøtH > 0 using the proÞle likelihood test statistic.
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Fermion and Vector Couplings

! b, ! W, and similarly for all other particles that contribute to these SM loop processes. In these cases
the scaled fundamental couplings are propagted through the loop calculations, including all interference
e! ects, using the functional form derived from the SM [21].

5.1 Fermion versus vector (gauge) couplings

This benchmark is an extension of the single parameterµ Þt, where di! erent strengths for the fermion
and vector couplings are probed. It assumes that only SM particles contribute to theH! !! andgg ! H
vertex loops, but any modiÞcation of the coupling strength factors for fermions and vector bosons are
propagated through the loop calculations. The Þt is performed in two variants, with and without the
assumption that the total width of the Higgs boson is given by the sum of the known SM Higgs boson
decay modes (modiÞed in strength by the appropriate fermion and vector coupling scale factors).

5.1.1 Only SM contributions to the total width

The Þt parameters are the coupling scale factors! F for all fermions and! V for all vector couplings:

! V = ! W = ! Z (10)

! F = ! t = ! b = ! " = ! g (11)

As only SM particles are assumed to contribute to thegg ! H vertex loop in this benchmark, the
gluon fusion process measures directly the fermion scale factor! 2

F. For the most relevant Higgs boson
production and decay modes the following proportionality is found:

" (gg ! H) " BR(H! !! ) #
! 2

F á! 2
#(! F, ! V)

0.75á! 2
F + 0.25á! 2

V

" (qq$ ! qq$H) " BR(H! !! ) #
! 2

V á! 2
#(! F, ! V)

0.75á! 2
F + 0.25á! 2

V

" (gg ! H) " BR(H ! ZZ("), H ! WW(")) #
! 2

F á! 2
V

0.75á! 2
F + 0.25á! 2

V

(12)

" (qq$ ! qq$H) " BR(H ! ZZ("), H ! WW(")) #
! 2

V á! 2
V

0.75á! 2
F + 0.25á! 2

V

" (qq$ ! qq$H,VH) " BR(H ! ##, H ! bøb) #
! 2

V á! 2
F

0.75á! 2
F + 0.25á! 2

V

,

where! #(! F, ! V) is the SM functional dependence of the e! ective scale factor! # on the scale factors! F

and! V, which is to Þrst approximation:4

! 2
#(! F, ! V) = 1.59á! 2

V %0.66á! V! F + 0.07á! 2
F . (13)

The denominator is the total width scale factor! 2
H expressed as a function of the scale factors! F and! V,

where 0.75 is the SM branching ratio to fermion and gluon Þnal states and 0.25 the SM branching ratio
into WW("), ZZ(") and!! for mH = 125.5 GeV.

Figure 5 shows the results for this benchmark. Only the relative sign between! F and! V is physical
and hence in the following only! V > 0 is considered without loss of generality. Some sensitivity to this
relative sign is gained from the negative interference between the W-loop and t-loop in theH! !! decay.

4The Þt uses the full dependence of! # on ! W, ! t , ! b and! " [21].

10

Only SM particles

AARON ARMBRUSTER

Fermion versus Vector Couplings

Fermion versus Vector Coupling Models

Model Free Parameters

SM Particles Only
! F (= ! t = ! b = ! ! = ! g)

! V (= ! W = ! Z )

Free Total Width
" FV = " F

" V
! POI

! V V =
" 2

V
" H

Free Total Width " FV = " F
" V

! POI

+ Free ## loop ! V V =
" 2

V
" H

! #V = " !
" V

¥ Test Fermion vs Vector couplings under various assumptions

Ð Can assume no new particles enter total width

Ð Can assume no new particles enter H " ## loop

FERMION VERSUSVECTORC OUPLINGS 23. M ARCH 14, 2013
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Fermion and Vector Couplings

5.1.2 No assumption on the total width

The assumption on the total width gives a strong constraint on the fermion coupling scale factor! F in
the previous benchmark model, as the total width is dominated in the SM by the sum of theb, ! and
gluon-decay widths. The Þt is therefore repeated without the assumption on the total width.

In this case only ratios of coupling scale factors can be measured. Hence there are the following free
parameters:

" FV = ! F/ ! V (16)

! VV = ! V á! V/ ! H . (17)

" FV is the ratio of the fermion and vector coupling scale factors, and! VV an overall scale that includes
the total width and applies to all rates. For the most relevant Higgs boson production and decay modes
the following proportionality is found:

" (gg ! H) " BR(H! ##) # " 2
FV á! 2

VV á! 2
#(" FV, 1)

" (qq$ ! qq$H) " BR(H! ##) # ! 2
VV á! 2

#(" FV, 1)

" (gg ! H) " BR(H ! ZZ("), H ! WW(")) # " 2
FV á! 2

VV (18)

" (qq$ ! qq$H) " BR(H ! ZZ("), H ! WW(")) # ! 2
VV

" (qq$ ! qq$H, VH) " BR(H ! !! , H ! bøb) # ! 2
VV á" 2

FV ,

where the second order polynomial form of! 2
#(! F, ! V), given in Equation (13), allows to factorize out

the scale factor! V into the common factor! VV and the ratio" FV as argument to the! # function.
Figure 6 shows the results of this Þt. The 68% conÞdence interval of" FV and! VV when proÞling

over the other parameter yield:

" FV % [&0.94,&0.80] ' [0.67, 0.93] (19)

! VV % [0.96, 1.12] ' [1.18,1.49] . (20)

The two-dimensional compatibility of the SM hypothesis with the best Þt point is 7%.

5.1.3 No assumption on the total width and on theH! ## loop content

As theH! ## decay is loop induced, it can be a very sensitive probe of beyond the SM physics. There-
fore theH! ## decay is treated in the following benchmark as additional degree of freedom. This gives
the following benchmark model with the parameters of interest:

" FV = ! F/ ! V (21)

" #V = ! #/ ! V (22)

! VV = ! V á! V/ ! H , (23)

where" FV is the ratio of the fermion and heavy vector coupling scale factors," #V the ratio between the
photon and vector coupling scale factors and! VV an overall scale that includes the total width and acts on
all rates. For the most relevant Higgs boson production and decay modes the following proportionality
is found:

" (gg ! H) " BR(H! ##) # " 2
FV á! 2

VV á" 2
#V

" (qq$ ! qq$H) " BR(H! ##) # ! 2
VV á" 2

#V

" (gg ! H) " BR(H ! ZZ("), H ! WW(")) # " 2
FV á! 2

VV (24)

" (qq$ ! qq$H) " BR(H ! ZZ("), H ! WW(")) # ! 2
VV

" (qq$ ! qq$H,VH) " BR(H ! !! , H ! bøb) # ! 2
VV á" 2

FV .
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Figure 6: Fits for a 2-parameter benchmark model described in Equations (16-18) probing di! erent
coupling strength scale factors for fermions and vector bosons without assumptions on the total width:
(a) coupling scale factor ratio! FV (" VV is proÞled); (b) correlation of the coupling scale factors! FV =
" F/ " V and" VV = " V á" V/ " H; (c) coupling scale factor ratio" VV (! FV is proÞled). The dashed curves
in (a) and (c) show the SM expectation. The thin dotted lines in (c) indicate the continuation of the
likelihood curve when restricting the parameters to either the positive or negative sector of! FV.
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Figure 7: Fits for a 3-parameter benchmark model described in Equations (21-24) probing di! erent
coupling strength scale factors for fermions, photons and heavy vector bosons without assumptions on
the total width: (a) coupling scale factor ratio! FV (! #V and" VV are proÞled); (b) coupling scale factor
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curves show the SM expectation.
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5.1.2 No assumption on the total width

The assumption on the total width gives a strong constraint on the fermion coupling scale factor! F in
the previous benchmark model, as the total width is dominated in the SM by the sum of theb, ! and
gluon-decay widths. The Þt is therefore repeated without the assumption on the total width.

In this case only ratios of coupling scale factors can be measured. Hence there are the following free
parameters:

" FV = ! F/ ! V (16)

! VV = ! V á! V/ ! H . (17)

" FV is the ratio of the fermion and vector coupling scale factors, and! VV an overall scale that includes
the total width and applies to all rates. For the most relevant Higgs boson production and decay modes
the following proportionality is found:

" (gg ! H) " BR(H! ##) # " 2
FV á! 2

VV á! 2
#(" FV, 1)

" (qq$ ! qq$H) " BR(H! ##) # ! 2
VV á! 2

#(" FV, 1)
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Figure 6: Fits for a 2-parameter benchmark model described in Equations (16-18) probing di! erent
coupling strength scale factors for fermions and vector bosons without assumptions on the total width:
(a) coupling scale factor ratio! FV (" VV is proÞled); (b) correlation of the coupling scale factors! FV =
" F/ " V and" VV = " V á" V/ " H; (c) coupling scale factor ratio" VV (! FV is proÞled). The dashed curves
in (a) and (c) show the SM expectation. The thin dotted lines in (c) indicate the continuation of the
likelihood curve when restricting the parameters to either the positive or negative sector of! FV.
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Figure 7 shows the results of this benchmark. As the e! ective photon scale factor ratio! " V is treated
as independent degree of freedom, this benchmark model has no sensitivity to the relative sign between
fermion and vector couplings. The best Þt values and uncertainties when proÞling over the other param-
eter are

! FV = 0.85+0.23
! 0.13 (25)

! " V = 1.22+0.18
! 0.14 (26)

#VV = 1.15± 0.21 (27)

at 68% CL. The three-dimensional compatibility of the SM hypothesis with the best Þt point is 9%.

5.1.4 Summary

The non-vanishing value of the Þtted coupling of the new particle to gauge bosons#V is both directly and
indirectly constrained by several channels at the" 20% level. The coupling to fermions can be directly
observed in theH # !! andH # bøb channels. However, this direct constraint is weak as both channels
are compatible with both the SM Higgs boson signal and the SM background hypothesis at the 95%
CL level (see Fig. 1). A value of#F signiÞcantly deviating from zero is indirectly observed through the
constraints from the channels which are dominated by the main production processgg # H, which is
assumed to be fermion mediated in this benchmark model.

The ratio between the fermion and vector coupling! FV is compatible with the SM hypothesis, inde-
pendently of the inclusion of theH# "" channel in the measurement of the! FV ratio.

5.2 Probing the custodial symmetry of theW and Z couplings

Identical coupling scale factors for theW- andZ-boson are required within tight bounds by the SU(2)L

custodial symmetry and the# parameter measurements at LEP [23]. To test this constraint directly in the
Higgs sector, the ratio! WZ = #W/ #Z is probed. Otherwise the same assumptions as in Section 5.1.2 on
#F are made (#F = #t = #b = #$). The free parameters are:

#ZZ = #Z á#Z/ #H (28)

! WZ = #W/ #Z (29)

! FZ = #F/ #Z . (30)

For the most relevant Higgs boson production and decay modes the following proportionality is found:

$ (gg # H) $BR(H# "" ) " ! 2
FZ á#2

ZZ á#2
" (! FZ, 1)

$ (qq%# qq%H) $BR(H# "" ) " #2
VBF(! WZ,1) á#2

ZZ á#2
" (! FZ, 1)

$ (gg # H) $BR(H # ZZ($)) " ! 2
FZ á#2

ZZ

$(qq%# qq%H) $BR(H # ZZ($)) " #2
VBF(! WZ,1) á#2

ZZ (31)

$(gg # H) $BR(H # WW($)) " ! 2
FZ á#2

ZZ á! 2
WZ

$(qq%# qq%H) $BR(H # WW($)) " #2
VBF(! WZ,1) á#2

ZZ á! 2
WZ

$(qq%# qq%H) $BR(H # !! ) " #2
VBF(! WZ,1) á#2

ZZ á! 2
FZ ,

where#2
VBF(#W, #Z) is the second order polynomial functional dependence of the VBF cross section on

the coupling scale factors#W and#Z.
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Figure 8: Fits for benchmark models described in Equations (28-31) probing the custodial symmetry
through the ratio! WZ = " W/" Z: (a) coupling scale factor ratio! WZ (! FZ and" ZZ are proÞled); (b) cou-
pling scale factor ratio! FZ (! WZ and" ZZ are proÞled); (c) overall scale factor" ZZ (! WZ and! FZ are
proÞled). The dashed curves show the SM expectation. The thin dotted lines in (a) indicate the contin-
uation of the likelihood curve when restricting the parameters to either the positive or negative sector of
! FZ.
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Figure 9: Fits for benchmark models described in Equations (35-39) probing the custodial symmetry
through the ratio! WZ = " W/" Z without assumptions on theH! !! loop content: (a) coupling scale
factor ratio! WZ (! #Z, ! FZ and" ZZ are proÞled); (b) coupling scale factor ratio! FZ (! WZ, ! #Z and" ZZ

are proÞled); (c) coupling scale factor ratio! #Z (! WZ, ! FZ and" ZZ are proÞled); (d) overall scale factor
" ZZ (! WZ, ! #Z and! FZ are proÞled). The dashed curves show the SM expectation.
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Figure 8 shows the likelihood distributions for this benchmark. In principle there is a relative sign
ambiguity between the W and Z couplings. However, this relative sign is not accessible at the LHC5,
hence the positive half of the! WZ distribution can be chosen without loss of generality. As can be seen
in Fig. 8(b) the Þt prefers the non-SM local minimum with a negative relative sign for! FZ, but the SM
local minimum is compatible at the! 1.5! level.

The measurement of! WZ, ! FZ and" ZZ, when proÞling the other parameters, is:

! WZ " [0.64,0.87] (32)

! FZ " [#0.89, #0.55] (33)

" ZZ " [1.20,2.08] (34)

at 68% CL. The three-dimensional compatibility of the SM hypothesis with the best Þt point is 5%.

5.2.1 Probing the custodial symmetry of theW and Z couplings independently of deviations in
the H$ "" channel

The measurement of the ratio! WZ is dominated by the observed rates in theH $ WW(%) andH$ ""
channels (theH$ "" event rate depends strongly on the" W coupling scale factor) on the one hand and
theH $ ZZ(%) channel on the other hand. However, as discussed before, potential contributions beyond
the SM could inßuence the observed event yield in theH$ "" channel, producing apparent deviations of
the ratio! WZ from unity, even if custodial symmetry is not broken. Hence it is desirable to decouple the
observed event rate inH$ "" from the measurement of! WZ in an extended Þt for the ratio! WZ, where
one extra degree of freedom absorbs possible deviations in theH$ "" channel. The free parameters are:

" ZZ = " Z á" Z/ " H (35)

! WZ = " W/ " Z (36)

! #Z = " #/ " Z (37)

! FZ = " F/ " Z . (38)

For the most relevant Higgs boson production and decay modes the following proportionality is
found:

! (gg $ H) %BR(H$ "" ) ! ! 2
FZ á" 2

ZZ á! 2
#Z

! (qq&$ qq&H) %BR(H$ "" ) ! " 2
VBF(! WZ, 1) á" 2

ZZ á! 2
#Z

! (gg $ H) %BR(H $ ZZ(%)) ! ! 2
FZ á" 2

ZZ

! (qq&$ qq&H) %BR(H $ ZZ(%)) ! " 2
VBF(! WZ, 1) á" 2

ZZ (39)

! (gg $ H) %BR(H $ WW(%)) ! ! 2
FZ á" 2

ZZ á! 2
WZ

! (qq&$ qq&H) %BR(H $ WW(%)) ! " 2
VBF(! WZ, 1) á" 2

ZZ á! 2
WZ

! (qq&$ qq&H) %BR(H $ ##) ! " 2
VBF(! WZ, 1) á" 2

ZZ á! 2
FZ .

Figure 9 shows the results of this benchmark. Similar to Section 5.1.3, the e! ective photon scale
factor ratio! #Z is treated as an independent degree of freedom. Hence this benchmark model has also no
sensitivity to the relative sign between fermion and vector couplings.

5In principle the VBF process has some sensitivity to the W and Z interference, but the interference term is<< 1% and
hence too small to be discriminating.
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the SM could inßuence the observed event yield in theH$ "" channel, producing apparent deviations of
the ratio! WZ from unity, even if custodial symmetry is not broken. Hence it is desirable to decouple the
observed event rate inH$ "" from the measurement of! WZ in an extended Þt for the ratio! WZ, where
one extra degree of freedom absorbs possible deviations in theH$ "" channel. The free parameters are:

" ZZ = " Z á" Z/ " H (35)

! WZ = " W/ " Z (36)

! #Z = " #/ " Z (37)

! FZ = " F/ " Z . (38)

For the most relevant Higgs boson production and decay modes the following proportionality is
found:

! (gg $ H) %BR(H$ "" ) ! ! 2
FZ á" 2

ZZ á! 2
#Z

! (qq&$ qq&H) %BR(H$ "" ) ! " 2
VBF(! WZ, 1) á" 2

ZZ á! 2
#Z

! (gg $ H) %BR(H $ ZZ(%)) ! ! 2
FZ á" 2

ZZ

! (qq&$ qq&H) %BR(H $ ZZ(%)) ! " 2
VBF(! WZ, 1) á" 2

ZZ (39)

! (gg $ H) %BR(H $ WW(%)) ! ! 2
FZ á" 2

ZZ á! 2
WZ

! (qq&$ qq&H) %BR(H $ WW(%)) ! " 2
VBF(! WZ, 1) á" 2

ZZ á! 2
WZ

! (qq&$ qq&H) %BR(H $ ##) ! " 2
VBF(! WZ, 1) á" 2

ZZ á! 2
FZ .

Figure 9 shows the results of this benchmark. Similar to Section 5.1.3, the e! ective photon scale
factor ratio! #Z is treated as an independent degree of freedom. Hence this benchmark model has also no
sensitivity to the relative sign between fermion and vector couplings.

5In principle the VBF process has some sensitivity to the W and Z interference, but the interference term is<< 1% and
hence too small to be discriminating.
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Figure 8: Fits for benchmark models described in Equations (28-31) probing the custodial symmetry
through the ratio! WZ = " W/" Z: (a) coupling scale factor ratio! WZ (! FZ and" ZZ are proÞled); (b) cou-
pling scale factor ratio! FZ (! WZ and" ZZ are proÞled); (c) overall scale factor" ZZ (! WZ and! FZ are
proÞled). The dashed curves show the SM expectation. The thin dotted lines in (a) indicate the contin-
uation of the likelihood curve when restricting the parameters to either the positive or negative sector of
! FZ.
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Figure 9: Fits for benchmark models described in Equations (35-39) probing the custodial symmetry
through the ratio! WZ = " W/" Z without assumptions on theH! !! loop content: (a) coupling scale
factor ratio! WZ (! #Z, ! FZ and" ZZ are proÞled); (b) coupling scale factor ratio! FZ (! WZ, ! #Z and" ZZ

are proÞled); (c) coupling scale factor ratio! #Z (! WZ, ! FZ and" ZZ are proÞled); (d) overall scale factor
" ZZ (! WZ, ! #Z and! FZ are proÞled). The dashed curves show the SM expectation.
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Figure 8: Fits for benchmark models described in Equations (28-31) probing the custodial symmetry
through the ratio! WZ = " W/" Z: (a) coupling scale factor ratio! WZ (! FZ and" ZZ are proÞled); (b) cou-
pling scale factor ratio! FZ (! WZ and" ZZ are proÞled); (c) overall scale factor" ZZ (! WZ and! FZ are
proÞled). The dashed curves show the SM expectation. The thin dotted lines in (a) indicate the contin-
uation of the likelihood curve when restricting the parameters to either the positive or negative sector of
! FZ.
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Figure 9: Fits for benchmark models described in Equations (35-39) probing the custodial symmetry
through the ratio! WZ = " W/" Z without assumptions on theH! !! loop content: (a) coupling scale
factor ratio! WZ (! #Z, ! FZ and" ZZ are proÞled); (b) coupling scale factor ratio! FZ (! WZ, ! #Z and" ZZ

are proÞled); (c) coupling scale factor ratio! #Z (! WZ, ! FZ and" ZZ are proÞled); (d) overall scale factor
" ZZ (! WZ, ! #Z and! FZ are proÞled). The dashed curves show the SM expectation.
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The measurement gives

! WZ = 0.80 ± 0.15 (40)
! " Z = 1.10 ± 0.18 (41)
! FZ = 0.74+0.21

! 0.17 (42)

#ZZ = 1.5+0.5
! 0.4 (43)

at 68% CL. The four-dimensional compatibilty of the SM hypothesis with the best fit point is 9%.

5.2.2 Summary

The ratio ! WZ probes the custodial symmetry through the relative couplings of the new particle to the
W and Z bosons. This parameter is in part directly constrained by the decays in the H" WW(#)" !"!"
and H" ZZ(#)" 4! channels and the WH and ZH production processes. It is also indirectly constrained
by the VBF production process, which in the SM is roughly 75% W-fusion and 25% Z-fusion mediated.
The #W part is also constrained by the H" ## channel since the decay branching ratio gets a dominant
contribution from #W. The measured value of ! WZ is in agreement with the custodial symmetry value
! WZ = 1 within 95% CL, regardless of the inclusion of the H" ## channel as indirect constraint on #W.

5.3 Probing beyond the SM contributions

This case allows for new particle contributions either in loops or in new final states. All coupling scale
factors of known SM particles are assumed to be as in the SM, i.e. $i = 1. For the H" ## and gg " H
vertices, e! ective scale factors $g and $# are introduced. They allow for extra contributions from new
particles. The potential new particles contributing to the H" ## and gg " H loops may or may not
contribute to the total width of the observed state through direct invisible decays or decays into final
states that cannot be distinguished from the background. In these cases the resulting variation in the
total width is parameterized in terms of the additional branching ratio BRinv.,undet.. Both aforementioned
scenarios are addressed in this section.

5.3.1 Only SM contributions to the total width

In the first benchmark model it is assumed that there are no sizeable extra contributions to the total width
caused by non-SM particles. The free parameters are #g and #" . For the most relevant Higgs boson
production and decay modes the following proportionality is found:

%(gg " H) # BR(H" ##) $
#2

g á#2
"

0.085 á#2
g + 0.0023 á#2

" + 0.91

%(qq%" qq%H) # BR(H" ##) $
#2

"

0.085 á#2
g + 0.0023 á#2

" + 0.91

%(gg " H) # BR(H " ZZ(#), H " WW(#)) $
#2

g

0.085 á#2
g + 0.0023 á#2

" + 0.91
(44)

%(qq%" qq%H) # BR(H " ZZ(#), H " WW(#)) $
1

0.085 á#2
g + 0.0023 á#2

" + 0.91

%(qq%" qq%H, VH) # BR(H " &&, H " bb̄) $
1

0.085 á#2
g + 0.0023 á#2

" + 0.91
.
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Figure 10: Fits for benchmark models described in Equation (44) probing contributions from non-SM
particles in theH! !! andgg ! H loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors! " and ! g; (b) coupling scale factor! " (! g is proÞled);
(c) coupling scale factor! g (! " is proÞled). The dashed curves in (b) and (c) show the SM expectation.
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Figure 11: Fits for benchmark models described in Equations (47,48) probing contributions from non-
SM particles in theH! !! andgg ! H loops, while allowing for potential extra contributions to the
total width: (a) branching fraction Bi,u = BRinv.,undet. to invisible or undetectable decay modes (! " and! g

are proÞled); (b) coupling scale factor! " (! g and BRinv.,undet. are proÞled); (c) coupling scale factor! g

(! " and BRinv.,undet. are proÞled). The dashed curves show the SM expectation.
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Figure 10 shows the results for this benchmark. The best Þt values and uncertainties when proÞling
over the other parameter are

! g = 1.08± 0.14 (45)

! " = 1.23+0.16
! 0.13 (46)

at 68% CL. The two-dimensional compatibility of the SM hypothesis with the best Þt point is 5%.

5.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM
decay modes that might appear as invisible or undetectable Þnal states6. The free parameters in this case
are! g, ! " and BRinv.,undet.. In this model the modiÞcation to the total width is parametrized as follows:

! H =
! 2

H(! i )

(1 ! BRinv.,undet.)
! SM

H . (47)

For the most relevant Higgs boson production and decay modes the following proportionality is found:

! (gg " H) #BR(H" "" ) $
! 2

g á! 2
"

0.085á! 2
g + 0.0023á! 2

" + 0.91
á(1 ! BRinv.,undet.)

! (qq%" qq%H) #BR(H" "" ) $
! 2

"

0.085á! 2
g + 0.0023á! 2

" + 0.91
á(1 ! BRinv.,undet.)

! (gg " H) #BR(H " ZZ(#), H " WW(#)) $
! 2

g

0.085á! 2
g + 0.0023á! 2

" + 0.91
á(1 ! BRinv.,undet.) (48)

! (qq%" qq%H) #BR(H " ZZ(#), H " WW(#)) $
1

0.085á! 2
g + 0.0023á! 2

" + 0.91
á(1 ! BRinv.,undet.)

! (qq%" qq%H,VH) #BR(H " ##, H " bøb) $
1

0.085á! 2
g + 0.0023á! 2

" + 0.91
á(1 ! BRinv.,undet.) .

Figure 11 shows the results from this benchmark. A possible BRinv.,undet. contribution can be limited
to < 0.6 at the 95% CL level under the conditions stated above. The best Þt values and their uncertainties
when proÞling over the other parameters are:

! g = 1.08+0.32
! 0.14 (49)

! " = 1.24+0.16
! 0.14 (50)

BRinv.,undet. < 0.33 (51)

at 68% CL. The three-dimensional compatibility of the SM hypothesis with the best Þt point is 10%.

5.3.3 Summary

Under the hypothesis that all tree level couplings of the new boson to SM particles are Þxed to their SM
values, no signiÞcant deviations are observed in the e" ective couplings to photons and gluons (! " and
! g respectively) regardless of the assumption on the total width. Releasing the assumption on the total
width constrains BRinv.,undet. to < 0.6 at the 95% CL.

6Invisible Þnal states can be directly searched for through theEmiss
T signature [24], while undetectable Þnal states have a

signature that o" ers no discrimination from backgrounds. An example would be a decay mode to mulitple light jets, which
cannot be distinguished from multi-jet backgrounds.
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Figure 10: Fits for benchmark models described in Equation (44) probing contributions from non-SM
particles in theH! !! andgg ! H loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors! " and ! g; (b) coupling scale factor! " (! g is proÞled);
(c) coupling scale factor! g (! " is proÞled). The dashed curves in (b) and (c) show the SM expectation.
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Figure 11: Fits for benchmark models described in Equations (47,48) probing contributions from non-
SM particles in theH! !! andgg ! H loops, while allowing for potential extra contributions to the
total width: (a) branching fraction Bi,u = BRinv.,undet. to invisible or undetectable decay modes (! " and! g

are proÞled); (b) coupling scale factor! " (! g and BRinv.,undet. are proÞled); (c) coupling scale factor! g

(! " and BRinv.,undet. are proÞled). The dashed curves show the SM expectation.
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Figure 10 shows the results for this benchmark. The best Þt values and uncertainties when proÞling
over the other parameter are

! g = 1.08± 0.14 (45)

! " = 1.23+0.16
! 0.13 (46)

at 68% CL. The two-dimensional compatibility of the SM hypothesis with the best Þt point is 5%.

5.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM
decay modes that might appear as invisible or undetectable Þnal states6. The free parameters in this case
are! g, ! " and BRinv.,undet.. In this model the modiÞcation to the total width is parametrized as follows:

! H =
! 2

H(! i )

(1 ! BRinv.,undet.)
! SM

H . (47)

For the most relevant Higgs boson production and decay modes the following proportionality is found:

! (gg " H) #BR(H" "" ) $
! 2

g á! 2
"

0.085á! 2
g + 0.0023á! 2

" + 0.91
á(1 ! BRinv.,undet.)

! (qq%" qq%H) #BR(H" "" ) $
! 2

"

0.085á! 2
g + 0.0023á! 2

" + 0.91
á(1 ! BRinv.,undet.)

! (gg " H) #BR(H " ZZ(#), H " WW(#)) $
! 2

g

0.085á! 2
g + 0.0023á! 2

" + 0.91
á(1 ! BRinv.,undet.) (48)

! (qq%" qq%H) #BR(H " ZZ(#), H " WW(#)) $
1

0.085á! 2
g + 0.0023á! 2

" + 0.91
á(1 ! BRinv.,undet.)

! (qq%" qq%H,VH) #BR(H " ##, H " bøb) $
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g + 0.0023á! 2

" + 0.91
á(1 ! BRinv.,undet.) .

Figure 11 shows the results from this benchmark. A possible BRinv.,undet. contribution can be limited
to < 0.6 at the 95% CL level under the conditions stated above. The best Þt values and their uncertainties
when proÞling over the other parameters are:

! g = 1.08+0.32
! 0.14 (49)

! " = 1.24+0.16
! 0.14 (50)

BRinv.,undet. < 0.33 (51)

at 68% CL. The three-dimensional compatibility of the SM hypothesis with the best Þt point is 10%.

5.3.3 Summary

Under the hypothesis that all tree level couplings of the new boson to SM particles are Þxed to their SM
values, no signiÞcant deviations are observed in the e" ective couplings to photons and gluons (! " and
! g respectively) regardless of the assumption on the total width. Releasing the assumption on the total
width constrains BRinv.,undet. to < 0.6 at the 95% CL.

6Invisible Þnal states can be directly searched for through theEmiss
T signature [24], while undetectable Þnal states have a

signature that o" ers no discrimination from backgrounds. An example would be a decay mode to mulitple light jets, which
cannot be distinguished from multi-jet backgrounds.
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Fully Summary

6 Conclusion

An update of the couplings determination of the Higgs-like boson using a data set corresponding to
4.8 fb! 1 of pp collision data at

"
s = 7 TeV and 20.7 fb! 1 at

"
s = 8 TeV for the three most sensitive

channelsH# !! , H# ZZ($)# 4" andH# WW($)# "#"# is presented. The combined measurement of
the global signal strength for the Þnal statesH# !! , H# ZZ($)# 4", H# WW($)# "#"#, H # $$and
H # bøb results in a value of 1.30± 0.13 (stat)± 0.14 (sys) obtained at the mass of 125.5 GeV. The cross
section ratio between vector-boson mediated and gluon (top) initiated Higgs boson production processes
is determined to beµVBF+VH/µ ggF+tøtH = 1.2+0.7

! 0.5. A determination ofµVBF/µ ggF+tøtH provides evidence for
VBF production at the 3.1%level.

The compatibility of the measured yields for the studied channels with the prediction for the SM
Higgs boson is tested under various benchmark assumptions probing salient features of the couplings. A
summary of all coupling scale factor measurements in all benchmark models is shown in Fig. 12. For
the di! erent tested benchmarks the compatibility with the SM Higgs expectation ranges between 5% and
10%; hence, no signiÞcant deviation from the SM prediction is observed in any of the Þts performed.

parameter value
-1 0 1 2

i,u1-B
!"
g"
!"
g"

ZZ"
FZ#

Z!#
WZ#
ZZ"
FZ#

WZ#
VV"

V!#
FV#
VV"
FV#

F"
V"

ATLAS Preliminary -1Ldt = 4.6-4.8 fb$ = 7 TeV, s
-1Ldt = 13-20.7 fb$ = 8 TeV, s

 = 125.5 GeVHm

% 1± % 2±

Figure 12: Summary of the coupling scale factor measurements formH=125.5 GeV. The best-Þt values
are represented by the solid black vertical lines. The measurements in the di! erent benchmark models,
separated by double lines in the Figure, are strongly correlated, as they are obtained from Þts to the same
experimental data. Hence they should not be considered as independent measurements and an overall
&2-like compatibility test to the SM is not possible.
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