
Properties of the Higgs Boson
Rishi Patel
Rutgers University

On behalf of the CMS and ATLAS 
Collaborations

Wednesday, August 14, 2013



 [GeV]HM
80 100 120 140 160 180 200

Hi
gg

s 
BR

 +
 T

ot
al

 U
nc

er
t [

%
]

-410

-310

-210

-110

1

LH
C 

HI
G

G
S 

XS
 W

G
 2

01
3

bb

!!

µµ

cc

gg

"" "Z

WW

ZZ

 [GeV] HM
80 100 200 300 400 1000

 H
+

X
) 

[p
b

] 
  

 
!

(p
p

 
"

-210

-110

1

10

210

= 8 TeVs

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

2

 H (NNLO+NNLL QCD + NLO EW)

!
pp 

 qqH (NNLO QCD + NLO EW)

!pp 

 W
H (NNLO QCD + NLO EW

)

!
pp 

 ZH (NNLO QCD +NLO EW
)

!
pp 

 ttH (NLO QCD)

!
pp 

• 125 GeV : Many available 
production modes and 
decay channels to test SM 
compatibility

Many decay channels, for 
each to determine 
compatibility with SM

Higgs at the LHC

Higgs?
• Breakthrough: Discovery by CMS and 

ATLAS of a new boson

• With the full Run 1 data (~30/fb) the experiments 
can test the compatibility of the new boson  with 
the prevailing theory: Standard model Higgs boson 2

discovery discoveryfingerprint fingerprint

FUTURE: 
14 TeV 
SNOWMASS 
Projections 

From LHC cross sections 
Group

• One of the goals of the LHC physics program is to 
unravel the origin of Electroweak symmetry breaking:
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Standard Model Higgs

3

free parameter: 2√μ=MH

SM Higgs: v=μ/√λ=2MW /g

COMPATIBILITY: Compare the SM 
prediction to the observed for different 
quantities:
signal strength:σobs x BR/σSM x BRSM  

coupling scale:κ∗gSM=g
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boundary within which the search for new phenom- 

ena is meaningful in this decay mode. 

In a first step we have focused on the mass range of  

the Higgs boson below the top quark threshold. With 

present experimental bounds mt~> 89 GeV [8] and 

estimates of  ~ 140 _+ 40 GeV from electroweak radia- 

tive corrections [ 9 ], this range covers at least the in- 

termediate mass range of  the Higgs boson and may 

even extent up to a value between 300 and 400 GeV. 

2. Higgs production 

Higgs bosons couple in the standard model to 

gluons through quark loops, fig. 1 a, with heavy quarks 

providing the dominant  contributions. In the Born 

approximation the parton cross section 

8a(gg-~H) = a o S ( l - ~ )  (3) 

can be expressed by the gluonic width of  the Higgs 

boson, ao = it 2/-(H._. gg) / 8 m 3, where 

GFa2 "q" F(rq)  2 
o0 - ~ , ( 4 ) 

288x/~Tt 

with the form factor 

F ( z q ) = 3 z q ~ [ l + ( 1 - Z q  ' ) arcsin2 v/~q ] -~ 1 (5) 

approaching unity for quark masses sufficiently above 

half the Higgs boson mass. While Zq = m 2 / 4 m  2, the 

scalling variable f is defined by f =  rn~ /g  in the sub- 

system; later we will use also ZH = rn ~ /S  with x/~ being 

the total CM energy of  the proton collider. The Higgs 

production cross section for proton colliders is found 

by integrating the parton cross section over the gluon 

luminosity: 
1 

-~z - g ( x ) g ( r / x ) ,  (6) 

t" 

so that finally 

, d5  °gg 
O'B(Pp-*H)=o'0ZH dz~ " (7) 

Examples of  this cross section are shown for repre- 

sentative values of  the top mass by the dotted lines in 

fig. 2 for LHC and SSC energies. 

The QCD corrections to the lowest order "Born"  

diagram ( l a )  consist of  gluon-quark and Higgs- 

. . . .  H , .  . . . . . . .  - - -  - - -  

(a) (bl) {b2) (b3) 

. . . . . . . .  o o o o o o e o o ~  . . . .  

(cl) (c2) (dl) (d2) 

• o o  • o 'o ' t  

( e l )  (e2)  ( f l )  ( f2 )  

Fig. 1. Generic diagrams for the Higgs production in gluon-gluon and gluon-quark collisions: (a) lowest order contribution, (b) self- 
energy and vertex corrections, (c) initial state rescattering, (d) real gluon radiation in gg collisions, (e) Higgs production in gg and qcl 
collisions. (f) Three-parton decays of the Higgs boson. 
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Presence of non-SM particles in 
the loop

Tree level
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something new?
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Mass Measurement

4.2 Mass of the observed state 9

4.2 Mass of the observed state

To measure the mass of the observed state, we use the ZZ → 4! and γγ channels that have
excellent mass resolution (Table 1). Figure 1 (left) shows 2D 68% CL regions for the two pa-
rameters of interest, the signal strength modifier µ and the mass mX, for these channels. The
combined 68% CL contour shown with a black line in Fig. 1 (left) is calculated assuming the SM
Higgs boson relative event yield between the two channels, while the overall signal strength is
left as a free parameter.

To extract the value of mX in a model-independent way, the signal strength modifiers for the
gg → H → γγ, VBF+VH→ γγ, and H → ZZ → 4! processes are assumed to be independent
and, thus, not tied to the SM expectation. The signal in all channels is assumed to be due to a
state with a unique mass, mX. The mass mX and its uncertainty are extracted from a scan of the
combined test statistic q(mX) with the three signal strength modifiers profiled in the same way
as all other nuisance parameters. Figure 1 (right) shows the scan of the test statistic as a function
of the mass mX for the two final states separately and their combination. The intersections of
the q(mX) curves with the horizontal thick line at 1 and thin line at 3.8 define the 68% and 95%
CL intervals for the mass of the observed particle, respectively. These intervals include both
statistical and systematic uncertainties. The 68% CL interval is mX =125.7 ± 0.4 GeV.

To evaluate the statistical component of the overall error, we also perform a scan of the test
statistic q(mX) with all nuisance parameters fixed to their best-fit values. The result is shown by
the dashed line in Fig. 2. The crossings of the dashed line with the thick horizontal line define
the statistical error (68% CL interval) in the mass measurement: mX = 125.7 ± 0.3 (stat.) GeV.
Assuming that the total error is the sum in quadrature of the statistical and systematic compo-
nents, we extract a systematic error of ±0.3 (syst.) GeV. Therefore, the final mass measurement
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Figure 1: (Left) The 68% CL contours for the signal strength σ/σSM versus the boson mass mX
for the γγ and 4! final states, and their combination. The symbol σ/σSM denotes the production
cross section times the relevant branching fractions, relative to the SM expectation. In this com-
bination, the relative signal strength for the two decay modes is constrained by the expectation
for the SM Higgs boson. (Right) 1D-scan of the test statistic q(mX) = −2 ∆ ln L versus the boson
mass mX for the γγ and 4! final states separately and for their combination. In this combination
three independent signal strengths, gg → H → γγ, VBF+VH→ γγ, and H → ZZ → 4!, are
profiled together with all other nuisance parameters.
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Figure 3: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-

nels and for their combination.
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estimates (µ̂, m̂H) in the corresponding channels.

is specified. The best-fit value for the global signal strength factor µ does not give any direct information

on the relative contributions from different production modes. Furthermore, fixing the ratios of the

production cross sections to the ratios predicted by the SM may conceal tension between the data and the

SM.

Since several Higgs boson production modes are available at the LHC, results shown in two dimen-

sional plots require either some µi to be fixed or several µi to be related. No direct ttH production has

been observed yet, hence µggH and the very small contribution of µttH have been grouped together as they

scale dominantly with the ttH coupling in the SM and are denoted by the common parameter µggF+ttH .

8

CMS ATLAS

q = 2 log
L(µ · s(θ) + b(θ))

L(b(θ))

CMS: mH = 125.7± 0.3(sys)± 0.3(stat)
ATLAS: mH = 125.5± 0.2(sys)+0.5

−0.6(stat)

1

Combining channels For Mass Measurement 
MODEL DEPENDENT MEASUREMENT

10 4 Results

can be written as mX = 125.7 ± 0.3 (stat.) ± 0.3 (syst.) GeV.

To assess the dependency of the mass measurement on the SM Higgs boson hypothesis, the
measurement is repeated using the same channels, but, this time, constraining all production
cross sections and branching ratios to the SM predictions as a function of mH. The two results
are compatible to better than 0.1 GeV, both with respect to the central value and the uncertain-
ties.
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Figure 2: 1D-scans of the test statistic q(mX) versus the boson mass mX for the combination
of the γγ and 4! final states. The solid line is obtained with all nuisance parameters profiled
and hence includes both statistical and systematic uncertainties. The dashed line is obtained
with all nuisance parameters fixed to their best-fit values and hence includes only statistical
uncertainties. The crossings with the thick (thin) horizontal lines define the 68% (95%) CL
interval for the measured mass.

4.3 Compatibility of the observed state with the SM Higgs boson hypothesis

The size of the current data set allows only a limited number of compatibility tests of the ob-
served excesses with the expected signal. These tests are presented in this subsection. These
compatibility tests do not constitute measurements of any physics parameters per se, but rather
show the consistency of the various observations with the expectations for the SM Higgs boson.

4.3.1 Signal strength in combination and sub-combinations

The best fit value for the common signal strength modifier µ̂ = σ̂/σSM, obtained in the combi-
nation of all search channels, provides the first compatibility test. In the formal fit, µ̂ is allowed
to become negative if the observed number of events is smaller than the expected rate for the
background-only hypothesis. The observed µ̂ value for a Higgs boson mass of 125.7 GeV is
0.80 ± 0.14 and is consistent with the value expected for the SM Higgs boson (µ = 1).

Figure 3 shows the µ̂ values obtained in different sub-combinations of search channels for mH=
125.7 GeV, organised by decay mode and by additional tags used to select preferentially events
from a particular production mechanism. The expected purities of the different tagged samples
vary substantially. For example, assuming the SM Higgs boson cross sections, the channels
with a dijet VBF tag always have a substantial fraction (20-50%) of gluon-gluon fusion events.

4

• All productions and BR are 
constrained to the SM predictions.

• For current data: Δm~±0.5GeV but projections at 300/
fb (3000/fb) at 14TeV show Δm~100MeV (50MeV) 
based on Snomass projections 

• Best fit mass compatible better 
than 0.1 GeV with the model 
independent

q = 2 log
L(µ · s(θ) + b(θ))

L(b(θ))

CMS: mH = 125.7± 0.3(sys)± 0.3(stat)
ATLAS: mH = 125.5± 0.2(sys)+0.5

−0.6(stat)

1

CLs=68%

CLs=95%
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Combined Signal Strengths
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4.3 Compatibility of the observed state with the SM Higgs boson hypothesis 15
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Figure 3: Values of σ/σSM for the combination (solid vertical line), for individual decay modes
or for sub-combinations of decay modes. The vertical band shows the overall σ/σSM uncer-
tainty. The symbol σ/σSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The horizontal bars indicate the ±1 standard devia-
tion uncertainties in the σ/σSM values for the individual modes; they include both statistical
and systematic uncertainties. (Top) Sub-combinations by decay mode and by additional tags
targeting a particular production mechanism. (Bottom-left) Sub-combinations by decay mode.
(Bottom-right) Sub-combinations by targeted production mechanism.

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

Table 2: Summary of the best-fit values and uncertainties for the signal strength µ 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 → ττ 0.8 ± 0.7

H → WW (∗) 1.0 ± 0.3
H → γγ 1.6 ± 0.3

H → ZZ(∗) 1.5 ± 0.4
Combined 1.30 ± 0.20
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Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing 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 different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed

5

• Simultaneously analyze 
all selected data across 
all decay modes and 
measure the overall 
deviation from the SM 
cross-section

• NOW: High sensitivity decay modes 
basically drive the combination (~15% 
precision on combined signal strength) 

• AT 14TeV: At high luminosity 300/fb, 
less sensitive decay modes have much 
smaller uncertainties. The combined 
signal strength will be even more 
precise

4.4 Coupling-Modifier Fit 15
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Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. The projections assume

√
s = 14 TeV and an integrated dataset of 300 fb−1 (left) and

3000 fb−1 (right). The projections are obtained with the two uncertainty scenarios described in
the text.

4.4 Coupling-Modifier Fit

The event yield for any (production)×(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(σ · BR) (x → H → ff ) =
σx · Γff

Γtot
, (1)

where σx is the production cross section through the initial state x, Γff is the partial decay width
into the final state ff , and Γtot is the total width of the Higgs boson. In particular, σggH, Γgg,
and Γγγ are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width ΓBSM, is
accommodated by keeping Γtot as a dependent parameter so that Γtot = ∑ Γii + ΓBSM, where the
Γii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors κi corresponding to the coupling modifiers are introduced and fit to the
data [28].

Figure 12 and Table 3 show the uncertainties obtained on κi for an integrated dataset of 300 fb−1

and 3000 fb−1. The expected precision ranges from 5–15% for 300 fb−1 and 2–10% for a dataset
of 3000 fb−1. The measurements will be limited by systematic uncertainties on the cross sec-
tion, which is included in the fit for the signal strength. The statistical uncertainties on κi are
below one percent. To illustrate the importance of theoretical uncertainties a fit was performed
without considering theoretical systematics. The results are shown in Fig. 13.

The likelihood scan versus BRBSM = ΓBSM/Γtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb−1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values.

Ideally, the measurement of couplings should be extended to first- and second-generation
fermions. Previous studies have shown that the Higgs decay to a pair of muons can be ob-
served in gluon-gluon fusion and via vector-boson fusion production [29–31]. The dimuon
events can be observed as a narrow resonance over a falling background distribution. The
shape of the background can be parametrized and fitted together with a signal model. Assum-

ATLAS: Combined µ=1.30±0.20
CMS: Combined µ=0.80±0.14
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Figure 4: The 68% (solid lines) CL region for the signal strength in the gluon-gluon-fusion-plus-
ttH and in the VBF-plus-VH production mechanisms, µggH+ttH and µVBF+VH, respectively. The
different colours show the results obtained by combining data from each of the five analysed
decay modes: γγ (green), WW (blue), ZZ (red), ττ (violet), bb (cyan). The crosses indicate the
best-fit values. The diamond at (1,1) indicates the expected values for the SM Higgs boson. A
combination of the different decay modes is not possible without making assumptions on the
relative branching fractions.

Figure 5: Likelihood scan versus µVBF (left) and µVH (right). The solid curve is the data. The
dashed line indicates the expected median results in the presence of the SM Higgs boson. Cross-
ings with the horizontal thick and thin red lines denote the 68% CL and 95% CL intervals.
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(Bottom-right) Sub-combinations by targeted production mechanism.
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Figure 3: Likelihood curves for the ratio (a) µVBF+VH/µggF+tt̄H and (b) µVBF/µggF+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 effects coming from
the branching ratios cancel in µVBF+VH/µggF+tt̄H and µVBF/µggF+tt̄H , hence the different measurements
from all four channels can be compared and combined. For the measurement of µVBF/µggF+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/µggF+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 different 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 · Γff
ΓH

, (8)

8

q = 2 log
L(µ · s(θ) + b(θ))

L(b(θ))
CMS: mH = 125.7± 0.3(sys)± 0.3(stat)
ATLAS: mH = 125.5± 0.2(sys)+0.5

−0.6(stat)

ATLAS:
µggF+ttH
µV BF+V H

= 1.2+0.7
−0.5

1

• 2D scan: Fermion coupling 
to Higgs vs. Vector Boson 
coupling: Each contour is for a 
different BR/BRSM so difficult to 
combine

• Projection of 300/fb to 14TeV 
predicts a much tighter precision of 
~10% 

• 1D Scan of ratio: 
Branching ratio of each 
decay cancels

Combined µ=0.80±0.14
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Coupling Scale Factors
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Figure 5: Fits for 2-parameter benchmark models described in Equations (10-13) probing different cou-
pling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total
width: (a) Correlation of the coupling scale factors κF and κV ; (b) the same correlation, overlaying the
68% CL contours derived from the individual channels and their combination; (c) coupling scale factor
κV (κF is profiled); (d) coupling scale factor κF (κV is profiled). The dashed curves in (c) and (d) 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 κF .

As can be seen in Fig. 5(a) the fit prefers the SM minimum with a positive relative sign, but the local
minimum with negative relative sign is also compatible at the ∼ 1σ level. The likelihood as a function of
κV when κF is profiled and as a function of κF when κV is profiled is presented in Fig. 5(c) and Fig. 5(d)
respectively. Figure 5(d) shows in particular to what extent the sign degeneracy is resolved. Figure 5(b)
illustrates how the H→ γγ, H → ZZ(∗), H → WW (∗), H → ττ and H → bb̄ channels contribute to the
combined measurement.

The 68% CL intervals of κF and κV when profiling over the other parameter are:

κF ∈ [−0.88,−0.75] ∪ [0.73, 1.07] (14)
κV ∈ [0.91, 0.97] ∪ [1.05, 1.21] . (15)

These intervals combine all experimental and theoretical systematic uncertainties. The two-dimensional
compatibility of the SM hypothesis with the best fit point is 8%.
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Figure 8: The 68% CL contours for individual channels (coloured swaths) and for the over-
all combination (solid line) for the (κV, κf) parameters. The cross indicates the global best-fit
values. The thin contour shows the 95% CL range for the combination. The yellow diamond
shows the SM point (κV, κf) = (1, 1). The left plot shows the likelihood scan in two quadrants
(+,+) and (+,−), the right plot shows the positive quadrant only.

Figure 9: The 2D likelihood scan for the κg and κγ parameters, assuming that ΓBSM = 0, i.e.
no new Higgs boson decay modes are open. The cross indicates the best-fit values. The solid,
dashed and dotted contours show the 68%, 95% and 99.7% CL regions, respectively. The yellow
diamond shows the SM point (κγ, κg) = (1, 1). The partial widths associated with the tree-level
production processes and decay modes are assumed to be unaltered (κ = 1).

(common scale 
factor for all 
fermions)

κF= 
κt=κb ...

(common scale 
factor for all vector 
bosons)

κV = 
κW=κZ

Assume: SM tensor structure JP=0+ and SM BR to fermions/Vector bosons: 

q = 2 log
L(µ · s(θ) + b(θ))

L(b(θ))
CMS: mH = 125.7± 0.3(sys)± 0.3(stat)
ATLAS: mH = 125.5± 0.2(sys)+0.5

−0.6(stat)

ATLAS:
µggF+ttH
µV BF+V H

= 1.2+0.7
−0.5

σ × BR(ii → H → ff ) =
σiiΓff
ΓH

qµ = −2 log L(µ,θµ)

L(µ̂,θ̂)

CLs =
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gf ∝ mfκf
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Γjj ∝ (mjjκjj)
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jjΓ
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jj Γγγ ∝ |ακW − βκt|2

ΓH = 0.75κ2
f + 0.25κ2

V

1

+
interference:

CMSκF∈ [0.61,1.33] κV∈ [0.74,1.06] at 95% C.L.
ATLASκF∈ [0.73,1.07] κV∈ [1.05,1.21] at 68% C.L.
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SM Compatibility Tests
Custodial symmetry: 

(a)

(b)

(c)

Figure 8: Fits for benchmark models described in Equations (28-31) probing the custodial symmetry
through the ratio λWZ = κW/κZ: (a) coupling scale factor ratio λWZ (λFZ and κZZ are profiled); (b) cou-
pling scale factor ratio λFZ (λWZ and κZZ are profiled); (c) overall scale factor κZZ (λWZ and λFZ are
profiled). 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
λFZ.
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Figure 9: Fits for benchmark models described in Equations (35-39) probing the custodial symmetry
through the ratio λWZ = κW/κZ without assumptions on the H→ γγ loop content: (a) coupling scale
factor ratio λWZ (λγZ, λFZ and κZZ are profiled); (b) coupling scale factor ratio λFZ (λWZ, λγZ and κZZ
are profiled); (c) coupling scale factor ratio λγZ (λWZ, λFZ and κZZ are profiled); (d) overall scale factor
κZZ (λWZ, λγZ and λFZ are profiled). The dashed curves show the SM expectation.
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Figure 6: Likelihood scan versus λWZ, the ratio of the couplings to W and Z bosons. (Left)
from untagged pp → H → WW and inclusive pp → H → ZZ searches, and assuming SM
couplings to fermions. (Right) from the combination of all channels, profiling the coupling to
fermions. The solid curve is the data. The dashed line indicates the expected median results
in the presence of the SM Higgs boson. Crossings with the horizontal thick and thin red lines
denote the 68% CL and 95% CL intervals.

Figure 7: The 2D likelihood of the κV and κf parameters. The cross indicates the best-fit values.
The solid, dashed and dotted contours show the 68%, 95% and 99.7% CL regions, respectively.
The yellow diamond shows the SM point (κV, κf) = (1, 1). The left plot shows the likelihood
scan in two quadrants, (+,+) and (+,−). The right plot shows the likelihood scan constrained to
the (+,+) quadrant.
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• Issue is Γγγ depends on κW 
• CMS and  ATLAS: Decouple the 

event rate of H→γγ from κw/κZ by 
introducing additional free 
parameters in the likelihood
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Figure 10: (Left) The likelihood scan versus BRBSM = ΓBSM/Γtot. The solid curve is the data and
the dashed line indicates the expected median results in the presence of the SM Higgs boson.
The partial widths associated with the tree-level production processes and decay modes are
assumed to be unaltered (κ = 1). (Right) Correlation between κg and BRBSM. The solid, dashed
and dotted contours show the 68%, 95% and 99.7% CL regions, respectively.

Figure 11: (Left) Likelihood scan versus ratio of couplings to down/up fermions λdu, with
the two other free coupling modifiers, κV and κu, profiled together with all other nuisance
parameters. (Right) Likelihood scan versus ratio of couplings to leptons and quarks λ!q, with
the two other free coupling modifiers, κV and κq, profiled together with all other nuisance
parameters.

W/Z coupling to Higgs: gZ/gW ≈1 

18 4 Results

Figure 8: The 68% CL contours for individual channels (coloured swaths) and for the over-
all combination (solid line) for the (κV, κf) parameters. The cross indicates the global best-fit
values. The thin contour shows the 95% CL range for the combination. The yellow diamond
shows the SM point (κV, κf) = (1, 1). The left plot shows the likelihood scan in two quadrants
(+,+) and (+,−), the right plot shows the positive quadrant only.
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Figure 9: The 2D likelihood scan for the κg and κγ parameters, assuming that ΓBSM = 0, i.e.
no new Higgs boson decay modes are open. The cross indicates the best-fit values. The solid,
dashed and dotted contours show the 68%, 95% and 99.7% CL regions, respectively. The yellow
diamond shows the SM point (κγ, κg) = (1, 1). The partial widths associated with the tree-level
production processes and decay modes are assumed to be unaltered (κ = 1).
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Figure 10: Fits for benchmark models described in Equation (44) probing contributions from non-SM
particles in the H→ γγ and gg → H loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors κγ and κg; (b) coupling scale factor κγ (κg is profiled);
(c) coupling scale factor κg (κγ is profiled). 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 the H→ γγ and gg → 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 (κγ and κg
are profiled); (b) coupling scale factor κγ (κg and BRinv.,undet. are profiled); (c) coupling scale factor κg
(κγ and BRinv.,undet. are profiled). The dashed curves show the SM expectation.

19

• Scenario 1 New particles contribute 
negligibly to the total width: Γtotal=ΓSM

• Fit kg  kγ

• Scenario 2 Allow new particles to 
contribute to the total width: Γtotal=ΓSM+ΓBSM

• Fit kg,  kγ,  ΓBSM

Probe Loop Corrections:
H→γγ gg→H
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Figure 10: Fits for benchmark models described in Equation (44) probing contributions from non-SM
particles in the H→ γγ and gg → H loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors κγ and κg; (b) coupling scale factor κγ (κg is profiled);
(c) coupling scale factor κg (κγ is profiled). 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 the H→ γγ and gg → 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 (κγ and κg
are profiled); (b) coupling scale factor κγ (κg and BRinv.,undet. are profiled); (c) coupling scale factor κg
(κγ and BRinv.,undet. are profiled). The dashed curves show the SM expectation.
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16 4 Higgs Boson Properties

ing the current performance of the CMS detector, we confirm these studies and estimate that in
both production modes at HL-LHC, an excess with a significance of approximately 5σ can be
observed, allowing a measurement of the hµµ coupling with a precision of better than 10%.

Figure 12: Estimated precision on the measurements of κγ, κW , κZ, κg, κb, κt and κτ. The pro-
jections assume

√
s = 14 TeV and an integrated dataset of 300 fb−1 (left) and 3000 fb−1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

√
s = 14 TeV, an integrated dataset of 3000 fb−1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0−) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H→ ZZ∗ → 4l channel. The decay amplitude for a spin-zero boson defined as

A(H → ZZ) = v−1
(

a1m2
Zε∗1ε∗2 + a2 f ∗(1)µν f ∗(2),µν + a3 f ∗(1)µν f̃ ∗(2),µν

)
. (2)

where f (i),µν ( f̃ (i),µν) is the (conjugate) field strength tensor of a Z boson with polarization vector
εi and v the vacuum expectation value of the Higgs field. The spin-zero models 0+ and 0−
correspond to the terms with a1 and a3, respectively.

SUMMARY: Couplings and Total Width
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Figure 10: The best fit of the Higgs boson coupling parameters are shown, with the correspond-
ing 68% and 95% CL intervals, and the overall p-value (pSM) of the SM Higgs hypothesis is
given. The result of the fit when extending the model to allow for BSM decays, while restricting
the effective coupling to vector bosons to not exceed unity (κV ≤ 1.0), is also shown.

4.1 Extrapolation Strategy

In order to study the precision of future measurements, a number of assumptions are made. In
this summary only measurements that have been made public by CMS as measurements ap-
plied to the 7 and 8 TeV data are used. The results are extrapolated to larger datasets of 300 and
3000 fb−1 and a center-of-mass energy of 14 TeV by scaling signal and background event yields
accordingly. As stated in the introduction, the underlying assumption of the extrapolations is
that future CMS upgrades will provide the same level of detector and trigger performances
achieved with the current detector in the 2012 data taking period. The extrapolations do not
take into consideration those channels that were not utilized in the currently available dataset,
and there is no attempt to optimize the measurement in order to minimize the uncertainties
on Higgs coupling measurements. Extrapolations are presented under two uncertainty scenar-
ios. In Scenario 1, all systematic uncertainties are left unchanged. In Scenario 2, the theoretical
uncertainties are scaled by a factor of 1/2, while other systematic uncertainties are scaled by
the square root of the integrated luminosity. The comparison of the two uncertainty scenarios
indicates a range of possible future measurements. The extrapolation without theoretical un-
certainties is also presented, to illustrate the importance of reducing those uncertainties in the
future. Similar extrapolations have been discussed in [3].

4.2 Search channels

Higgs cross sections and coupling measurements are obtained by combining information from
many Higgs production and decay channels. Table 1 lists the main features of these channels,
namely the exclusive final state and the approximate instrumental mass resolution. The simul-
taneous analysis of the data selected by all individual analyses accounts for all statistical and
systematic uncertainties and their correlations.

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

channels H→ γγ, H→ ZZ(∗)→ 4" and H→WW (∗)→ "ν"ν is presented. The combined measurement of
the global signal strength for the final states H→ γγ, H→ ZZ(∗)→ 4", H→WW (∗)→ "ν"ν, H → ττ and
H → bb̄ 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 be µVBF+VH/µggF+tt̄H = 1.2+0.7

−0.5. A determination of µVBF/µggF+tt̄H provides evidence for
VBF production at the 3.1σ 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 different tested benchmarks the compatibility with the SM Higgs expectation ranges between 5% and
10%; hence, no significant deviation from the SM prediction is observed in any of the fits performed.
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Figure 12: Summary of the coupling scale factor measurements for mH=125.5 GeV. The best-fit values
are represented by the solid black vertical lines. The measurements in the different benchmark models,
separated by double lines in the Figure, are strongly correlated, as they are obtained from fits to the same
experimental data. Hence they should not be considered as independent measurements and an overall
χ2-like compatibility test to the SM is not possible.
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16 4 Higgs Boson Properties

ing the current performance of the CMS detector, we confirm these studies and estimate that in
both production modes at HL-LHC, an excess with a significance of approximately 5σ can be
observed, allowing a measurement of the hµµ coupling with a precision of better than 10%.
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Figure 12: Estimated precision on the measurements of κγ, κW , κZ, κg, κb, κt and κτ. The pro-
jections assume

√
s = 14 TeV and an integrated dataset of 300 fb−1 (left) and 3000 fb−1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.

Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

√
s = 14 TeV, an integrated dataset of 3000 fb−1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0−) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H→ ZZ∗ → 4l channel. The decay amplitude for a spin-zero boson defined as

A(H → ZZ) = v−1
(

a1m2
Zε∗1ε∗2 + a2 f ∗(1)µν f ∗(2),µν + a3 f ∗(1)µν f̃ ∗(2),µν

)
. (2)

where f (i),µν ( f̃ (i),µν) is the (conjugate) field strength tensor of a Z boson with polarization vector
εi and v the vacuum expectation value of the Higgs field. The spin-zero models 0+ and 0−
correspond to the terms with a1 and a3, respectively.

all sys. no theory 
sys.

• For 300/fb at 14TeV the 
statistical uncertainty are 
below 1% 

• Ratios of couplings requires no 
assumption on the total width

• Can include total width including 
extra contributions: 

• Theory systematics most important: 
QCD scale, pdf uncertainties, BR 
uncertainties
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Figure 1: Illustration of the production and decay of a particle X ab → X → Z1Z2 → 4! with
the two production angles θ∗ and Φ1 shown in the X rest frame and three decay angles θ1, θ2,
and Φ shown in the Zi and X rest frames, respectively [39].

MADGRAPH [67] implemented within the MEKD framework [88]. Different matrix elements
were found to provide nearly identical performance for the processes implemented in com-
mon. The machine trained techniques such as boosted decision trees or Bayesian neural net-
works were also investigated. They give similar results as the matrix element approaches. The
kinematic discriminants for the baseline analysis is built out of matrix element for the signal
hypotheses taken from JHUGEN and matrix elements for the qq → ZZ background taken from
MCFM.

5 Background control and systematics
We rely on MC simulation to evaluate the local density (∆N/∆m4!) of events expected as a
function of the mass m4! from the ZZ background. Following the prescription used in the pre-
vious analysis, the cross section for ZZ production at NLO is calculated with MCFM [85–87].
This includes the dominant process of qq annihilation, as well as gluon induced production.
The theoretical uncertainties are computed as a function of m4!, varying both the QCD renor-
malisation and factorization scales and the PDF set, following the PDF4LHC recommenda-
tions [89–93]. The uncertainties for the QCD and PDF scales for each final state are on average
8%. The number of predicted ZZ → 4! events and their uncertainties after the signal selection
are given in Table 1.

To estimate the reducible (Zbb, tt) and instrumental (Z + light jets, WZ + jets) backgrounds, a
Z1+X background control region, well separated from the signal region, is defined. In addition,
a sample Z1 + !reco, with at least one reconstructed lepton object, is defined for the measure-
ment of the lepton misidentification probability — the probability for a reconstructed object to
pass the isolation and identification requirements. The contamination from WZ in these events
is suppressed by requiring the imbalance of the measured energy deposition in the transverse
plane to be below 25 GeV. The lepton misidentification probability is compared, and found
compatible, with the one derived from MC simulation.

• Test Spin 0+ SM Higgs Hypothesis vs a Spin 2+M hypothesis.

ZZ: Fully reconstructed 4-lepton final state:

21

Figure 13: Distributions of DJP with a requirement Dbkg > 0.5. Distributions in data (points
with error bars) and expectations for background and signal are shown. Six alternative hy-
potheses are tested from top to bottom and left to right: JP = 0−, 0+h , 1−, 1+, 2+m(gg), 2+m(qq̄).
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Figure 14: Distribution of q = −2ln(LJP /LSM) for two signal types (0+ represented by
the yellow histogram and alternative JP hypothesis by the blue histogram) for mH = 126
GeV shown with a large number of generated experiments. The arrow indicates the ob-
served value. Six alternative hypotheses are tested from top to bottom and left to right:
JP = 0−, 0+h , 1−, 1+, 2+mgg, 2+mqq̄.
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CMS WW/ZZ Combination: Exclude 2+m for pure ggH model 
at 2.84σ

4.4 Tests of different spin-parity hypotheses 25
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MVA classifier is trained with final state observables
ZZ predictions:

• Spin 2+M use graviton model simulation produced via gluon fusion 
and quark-antiquark (giving different polarization)
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γγ CS frame:

ATLAS: WW, ZZ, γγ

use angle between the photons in the collins-soper frame: Spin 
0+ the angular distribution is isotropic as opposed to spin 2
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Figure 9: Expected distributions of ln(L(0)/L(2)) – the logarithm of the ratio of profiled likelihoods

under the spin-0 and spin-2 hypotheses – in the presence of spin-0 (blue distributions) or spin-2 (red

distributions) signals for various admixtures of gg-qq̄ production of the spin-2 signal: 0% gg + 100% qq̄

in (a), 25% gg+75% qq̄ in (b), 50% gg+50% qq̄ in (c), 75% gg+25% qq̄ in (d). The observed values are

indicated by a vertical line. The coloured areas correspond to the integrals of the expected distributions

up to the observed values and are used to compute the p-values for the rejection of each hypothesis.
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Figure 9: Expected distributions of ln(L(0)/L(2)) – the logarithm of the ratio of profiled likelihoods

under the spin-0 and spin-2 hypotheses – in the presence of spin-0 (blue distributions) or spin-2 (red

distributions) signals for various admixtures of gg-qq̄ production of the spin-2 signal: 0% gg + 100% qq̄

in (a), 25% gg+75% qq̄ in (b), 50% gg+50% qq̄ in (c), 75% gg+25% qq̄ in (d). The observed values are

indicated by a vertical line. The coloured areas correspond to the integrals of the expected distributions

up to the observed values and are used to compute the p-values for the rejection of each hypothesis.
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Figure 3: Expected (blue dashed line) and observed (black solid line) confidence level, CLs(JP = 2+), of
the JP = 2+ hypothesis as a function of the fraction of qq̄ production of the spin-2 particle.

discussed in Section 3. The observed exclusion of the JP = 2+ state in favour of the Standard Model
JP = 0+ hypothesis exceeds 99.9% CL for all values of fqq̄.

7 Conclusion

A combined study of the spin of the Higgs boson candidate using the H → γγ, H → WW∗ → "ν"ν and
H → ZZ∗ → 4" decay channels in the ATLAS experiment has been presented. The pp collision dataset
corresponding to an integrated luminosity of 20.7 fb−1 collected at a centre-of-mass energy

√
s = 8 TeV

was used for all three decay channels. For the H → ZZ∗ → 4" an additional dataset corresponding to an
integrated luminosity of 4.8 fb−1 collected at 7 TeV was added.

The Standard Model assignment of JP = 0+ is compared to a graviton-inspired JP = 2+ model
with minimal couplings to Standard Model particles. The data are in good agreement with the expected
distributions of a JP = 0+ particle while the graviton-inspired JP = 2+ model, that is expected to be
produced dominantly via the gluon fusion process, is excluded at more than 99.9% confidence level.

The most general spin-2 model involves a large number of parameters to fully describe the couplings
of this resonance particle to the initial and final states relevant for the measurement of the spin. The
analysis shown here does not address this general case. However, this study was extended to arbitrary
admixtures of gluon fusion and qq̄ production processes between 0 and 100%. In this extended study all
JP = 2+ production admixtures are excluded by the data at more than 99.9% confidence level.

References

[1] ATLAS Collaboration, Observation of a new particle in the search for the Standard Model Higgs

11

Table 2: Expected and observed p0 values for the JP = 0+ and JP = 2+ hypotheses as a function of the
fraction fqq̄ of the qq̄ spin-2 production mechanism. The values are calculated for the combination of the
H → γγ, H → WW∗ → "ν"ν and H → ZZ∗ → 4" final states. The CLs values defined in the text are
also presented.

fqq̄
Spin-2 assumed Spin-0 assumed

obs. p0(JP = 0+) obs. p0(JP = 2+) CLs(JP = 2+)
exp. p0(JP = 0+) exp. p0(JP = 2+)

100% 3.4 · 10−3 9.4 · 10−5 0.82 0.4 · 10−5 0.2 · 10−4

75% 1.0 · 10−2 1.1 · 10−3 0.82 3.7 · 10−5 2.1 · 10−4

50% 1.5 · 10−2 3.5 · 10−3 0.85 9.1 · 10−5 6.0 · 10−4

25% 6.8 · 10−3 2.4 · 10−3 0.81 1.0 · 10−4 5.3 · 10−4

0% 1.6 · 10−3 6.1 · 10−4 0.65 1.4 · 10−4 4.0 · 10−4
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Figure 2: Expected and observed ratio of profiled likelihoods for the combination of channels as a
function of the fraction of the qq̄ spin-2 production mechanism. The green and yellow bands represent,
respectively, the one and two standard deviation bands for the JP = 0+ (a) and for the JP = 2+ (b)
hypotheses.
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• Expected exclusion of spin 2+m 

depends on fqq’ very weakly 
• Data is consistent with 0+ and 2+m is 

excluded at 99.9 % confidence level
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Figure 12: Test statistics distributions for 0+ (red) and 2+m (blue) as well as the observed value (solid
line) for the five different 2+m production working points: fqq̄ = 0%% (top left), fqq̄ = 25% (top right),
fqq̄ = 50% (middle left), fqq̄ = 75% (middle right), and fqq̄ = 100% (bottom). The median of each of the
distributions is indicated by a dashed line. The shaded areas correspond to the observed p0-values. The
distributions are normalised to unit area.
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Figure 12: Test statistics distributions for 0+ (red) and 2+m (blue) as well as the observed value (solid
line) for the five different 2+m production working points: fqq̄ = 0%% (top left), fqq̄ = 25% (top right),
fqq̄ = 50% (middle left), fqq̄ = 75% (middle right), and fqq̄ = 100% (bottom). The median of each of the
distributions is indicated by a dashed line. The shaded areas correspond to the observed p0-values. The
distributions are normalised to unit area.
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Figure 12: Test statistics distributions for 0+ (red) and 2+m (blue) as well as the observed value (solid
line) for the five different 2+m production working points: fqq̄ = 0%% (top left), fqq̄ = 25% (top right),
fqq̄ = 50% (middle left), fqq̄ = 75% (middle right), and fqq̄ = 100% (bottom). The median of each of the
distributions is indicated by a dashed line. The shaded areas correspond to the observed p0-values. The
distributions are normalised to unit area.
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Increasing qq’ admixture

γγ sensitive at 
low qq’admixture

WW sensitive at 
high qq’admixture
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!! Same inclusive selection as spin analysis + 

    jet definition : anti-kt, !R = 0.4,  pT > 30 GeV/c, |y| < 4.4  (same definition at particle level  
          µ and " excluded from clusterisation) 

!! Unfolding to particle level : 2 isolated photons with pT/m## > 0.35/0.25, |$| < 2.37 

             photon isolation :                                   (sum over stable particles but µ and ") 

Di-photon pT spectrum :  

% Still very large uncertainties (125% in first bin) 

% Nothing fancy (beyond the overall slight excess)  

&! Statically limited but yet already valuable 

     No significant deviation from SM predictions 

14/16 

Compatibility with SM predictions (shape) 

          • P'2 = 0.55 (POWHEG) 

          • P'2 = 0.39 (Hres 1.0) 

(beyond overall  

 slight excess) New Studies
• Extract a signal yield for bins of a 

kinematic variable 
• correct yield for acceptance x 

efficiency, resolution etc. to compare 
to theory predictions

• (Left) Compare data to simulation 
(NLO and NNLO for ggH) Chi2: 
NLO=0.55 and NNLO=0.39.

• (Right) signal strength in bins of CS 
angle offers a potentially model 
independent spin measurement

12

|cos!*| 

!"jj Sensitive to parity (and spin) 

(e.g. Figy et al, hep-ph/0609075) 

SM, A ~ #µ$ 

Anomal CP-even,  

A ~ q1q2 #µ$ - q1µq2$ 

Anomal CP-odd,  

A ~ %µ$&'q1&q2'
 

Difference w.r.t. spin analysis : 

      (almost-) model-independent 

   (whereas spin hypothesis folded in in spin fit) 

15/16 

P(2 = 0.69 

• P(2 = 0.42 (POWHEG) 

• P(2 = 0.45 (MINLO) 

)! Slight excess for back-to-back topology 

     but nothing significant 

     and predictions not easy… 

Flavor changing neutral current: t→c(u)H

!"#$%&'()*)+ ,)--./0*1*-+2345+ 26+

Limits 

• Very good indicator of new physics
• Select tt events with one top in  fully hadronic or  

1lepton channel
• Use H→γγ search selection
• Br(t→c(u)H)<0.83% (0.53% expected) at 95% 

confidence 

Use high signal yield mode: H→γγ to probe kinematic properties of production/decay: 

Wednesday, August 14, 2013



Conclusion
• How compatible is the new boson with the Standard Model?
• Measured properties all compatible with the SM Higgs:

• Combined signal strengths across all decay modes and also for the different 
production modes are compatible with SM production

• Couplings do not deviate from the SM predictions. Custodial symmetry is preserved 
• Data is consistent with 0+ spin hypothesis
• No strong sign of ΓBSM

• Starting to probe differential signal strengths and directly search for new physics 
(Flavor Changing Neutral Current)

• All of the above measurements will be much more precise at 14TeV with more data 
and also smaller theoretical uncertainties

• REFERENCE: HIG-13-005, ATLAS-CONF-034,CMS Public Note 2013/002, 
ATLAS-2013-072, ATLAS-2013-081

• PUBLIC TWIKI: CMS https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
ATLAS https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
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Test Statistic
• hypothesis µ, θµ model of uncertainty

• Denominator  maximized Likelihood

q = 2 log
L(µ · s(θ) + b(θ))

L(b(θ))
CMS: mH = 125.7± 0.3(sys)± 0.3(stat)
ATLAS: mH = 125.5± 0.2(sys)+0.5

−0.6(stat)

ATLAS:
µggF+ttH
µV BF+V H

= 1.2+0.7
−0.5

σ × BR(ii → H → ff ) =
σiiΓff
ΓH

qµ = −2 log L(µ,θµ)

L(µ̂,θ̂)

1

!

!

!

Figure 1: Test statistic distributions for ensembles of pseudo-data generated for sig-
nal+background and background-only hypotheses. See the text for definitions of the test
statistic and methodology of generating pseudo-data.

108

1− pb = P ( q̃µ ≥ q̃obsµ | background-only) =

∫ ∞

qobs0

f(q̃µ|0, θ̂obs0 ) dq̃µ , (7)

and calculate CLs(µ) as a ratio of these two probabilities 1
109

CLs(µ) =
pµ

1− pb
(8)

7. If, for µ = 1, CLs ≤ α, we would state that the SM Higgs boson is excluded110

with (1 − α) CLs confidence level (C.L.). It is known that the CLs method gives111

conservative limits, i.e. the actual confidence level is higher than (1 − α). See112

Appendix A for more details.113

8. To quote the 95% Confidence Level upper limit on µ, to be further denoted as114

µ95%CL, we adjust µ until we reach CLs = 0.05.115

2.2 Expected limits116

The most straightforward way for defining the expected median upper-limit and ±1σ and117

±2σ bands for the background-only hypothesis is to generate a large set of background-118

1Note that we define pb as pb = P ( q̃µ < q̃obsµ | background-only), excluding the point q̃µ = q̃obsµ . With
these definitions one can identify pµ with CLs+b and pb with 1− CLb.

6

ps

1-pb

q = 2 log
L(µ · s(θ) + b(θ))

L(b(θ))
CMS: mH = 125.7± 0.3(sys)± 0.3(stat)
ATLAS: mH = 125.5± 0.2(sys)+0.5

−0.6(stat)

ATLAS:
µggF+ttH
µV BF+V H

= 1.2+0.7
−0.5

σ × BR(ii → H → ff ) =
σiiΓff
ΓH

qµ = −2 log L(µ,θµ)

L(µ̂,θ̂)

CLs =
ps

1−pb

1

• Example of Signal + Background hypothesis testing: 

• Red psuedo-data ( statistical toys) of signal
+background (expected signal predicted by SM 
cross-section)

• Blue psuedo-data ( statistical toys) background  only 
• Observed value is the value that minimizes the the 

above ratio in data (value of µ,θ most compatible with 
the data known as the best fit values)

• Distribution of test statistics follows a χ2 distribution: 
p-value obtained by integrating from the obs value to 
inf. Used to compute the confidence interval

• CLs quantifies the significance of the observed value (consistent with a 
fluctuating background? Or an excess consistent with signal hypothesis

• Can include more than one hypothesis value (increase ndof in the chi2). 
Here there are two hypotheses variables included in the likelihood: mass, 
σobs /σSM (signal strength based on SM cross-section)

• CLs corresponding to 68% is the contour around the best fit values (cross)

4.2 Mass of the observed state 9

4.2 Mass of the observed state

To measure the mass of the observed state, we use the ZZ → 4! and γγ channels that have
excellent mass resolution (Table 1). Figure 1 (left) shows 2D 68% CL regions for the two pa-
rameters of interest, the signal strength modifier µ and the mass mX, for these channels. The
combined 68% CL contour shown with a black line in Fig. 1 (left) is calculated assuming the SM
Higgs boson relative event yield between the two channels, while the overall signal strength is
left as a free parameter.

To extract the value of mX in a model-independent way, the signal strength modifiers for the
gg → H → γγ, VBF+VH→ γγ, and H → ZZ → 4! processes are assumed to be independent
and, thus, not tied to the SM expectation. The signal in all channels is assumed to be due to a
state with a unique mass, mX. The mass mX and its uncertainty are extracted from a scan of the
combined test statistic q(mX) with the three signal strength modifiers profiled in the same way
as all other nuisance parameters. Figure 1 (right) shows the scan of the test statistic as a function
of the mass mX for the two final states separately and their combination. The intersections of
the q(mX) curves with the horizontal thick line at 1 and thin line at 3.8 define the 68% and 95%
CL intervals for the mass of the observed particle, respectively. These intervals include both
statistical and systematic uncertainties. The 68% CL interval is mX =125.7 ± 0.4 GeV.

To evaluate the statistical component of the overall error, we also perform a scan of the test
statistic q(mX) with all nuisance parameters fixed to their best-fit values. The result is shown by
the dashed line in Fig. 2. The crossings of the dashed line with the thick horizontal line define
the statistical error (68% CL interval) in the mass measurement: mX = 125.7 ± 0.3 (stat.) GeV.
Assuming that the total error is the sum in quadrature of the statistical and systematic compo-
nents, we extract a systematic error of ±0.3 (syst.) GeV. Therefore, the final mass measurement
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Figure 1: (Left) The 68% CL contours for the signal strength σ/σSM versus the boson mass mX
for the γγ and 4! final states, and their combination. The symbol σ/σSM denotes the production
cross section times the relevant branching fractions, relative to the SM expectation. In this com-
bination, the relative signal strength for the two decay modes is constrained by the expectation
for the SM Higgs boson. (Right) 1D-scan of the test statistic q(mX) = −2 ∆ ln L versus the boson
mass mX for the γγ and 4! final states separately and for their combination. In this combination
three independent signal strengths, gg → H → γγ, VBF+VH→ γγ, and H → ZZ → 4!, are
profiled together with all other nuisance parameters.
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14TEV PROJECTIONS
• Based on SNOWMASS studies: 

• Extrapolate from current dataset to 300/fb (3000/fb) at 14TeV with 
the present level of detector performance 

• 2 Scenarios for projected uncertainties:
• SCENARIO 1: all systematic uncertainties are left unchanged
• SCENARIO 2: Theoretical uncertainties scale by 1/2 and other 

systematic uncertainties scale by 1/sqrt(Luminosity) (more 
optimistic scenario)
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Higgs Doublets
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4.3 Compatibility of the observed state with the SM Higgs boson hypothesis 19

Figure 10: (Left) The likelihood scan versus BRBSM = ΓBSM/Γtot. The solid curve is the data and
the dashed line indicates the expected median results in the presence of the SM Higgs boson.
The partial widths associated with the tree-level production processes and decay modes are
assumed to be unaltered (κ = 1). (Right) Correlation between κg and BRBSM. The solid, dashed
and dotted contours show the 68%, 95% and 99.7% CL regions, respectively.
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Figure 11: (Left) Likelihood scan versus ratio of couplings to down/up fermions λdu, with
the two other free coupling modifiers, κV and κu, profiled together with all other nuisance
parameters. (Right) Likelihood scan versus ratio of couplings to leptons and quarks λ!q, with
the two other free coupling modifiers, κV and κq, profiled together with all other nuisance
parameters.

Excluded

• Also in more general scenarios 
leptons can virtually decouple from 
the Higgs so test lepton/quark 
coupling ratio

4.3 Compatibility of the observed state with the SM Higgs boson hypothesis 19

Figure 10: (Left) The likelihood scan versus BRBSM = ΓBSM/Γtot. The solid curve is the data and
the dashed line indicates the expected median results in the presence of the SM Higgs boson.
The partial widths associated with the tree-level production processes and decay modes are
assumed to be unaltered (κ = 1). (Right) Correlation between κg and BRBSM. The solid, dashed
and dotted contours show the 68%, 95% and 99.7% CL regions, respectively.
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Figure 11: (Left) Likelihood scan versus ratio of couplings to down/up fermions λdu, with
the two other free coupling modifiers, κV and κu, profiled together with all other nuisance
parameters. (Right) Likelihood scan versus ratio of couplings to leptons and quarks λ!q, with
the two other free coupling modifiers, κV and κq, profiled together with all other nuisance
parameters.

• one is within the 68% CL for both

• In two Higgs Doublet models the yukawa 
couplings of fermions to neutral Higgs 
can be substantially modified
• MSSM check u,d coupling ratio
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SPIN in CS Frame
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8.4 Results 15
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Figure 7: The SM extracted signal yield as a function of | cos(θ∗CS)| for the 0+ expectation (red
line), 2+m expectation with gluon-fusion production only (blue line), the 2+m expectation with
quark-antiquark annihilation production only (green line), the 2+m expectation with half gg,
half qq̄ production (magenta line) and the observation (black points).

Compatibility
Source χ2 p-value
Data vs. 0+ 0.68
Data vs. 2+m (100% gg) 0.91
Data vs. 2+m (100% qq̄) 0.51
Data vs. 2+m (50% gg, 50% qq) 0.81

Table 5: The χ2 compatibility of the 0+ and 2+m models with the observation.

8.4.2 Hypothesis tests of the SM Higgs, 0+, vs. graviton-like, 2+m

The separation between the two models and the data is extracted using the test statistic defined
as twice the negative ratio of the likelihoods for the 0+ signal plus background hypothesis and
the 2+m signal plus background hypothesis when performing a simultaneous fit of all twenty
event classes together, q = −2 ln(L2+m+bkg./L0++bkg.).

The distribution of this test statistic is shown in Fig. 8 for pseudoexperiments generated with
an overall signal yield which is extracted from a fit to the data for the 0+ hypothesis (orange)
and the 2+m hypothesis (blue) for gluon-fusion production only (left) and quark-antiquark anni-
hilation production only (right). The observed value is shown as the red arrow. The CLS of the
observation for the gluon-fusion only spin-2 production is 60.9% whilst for the quark-antiquark
production it is 16.9%. Consequently, neither of these spin-2 models can be excluded.

The previous two tests are both performed assuming that the 2+m state is produced entirely by
either gluon-fusion or quark-antiquark annihilation. A further three points, with mixtures of
gg and qq̄ spin-2 production, have been tested such that the overall yield of the 2+m signal is
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Differential Mu
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PT!!" #!!" cos $!"

!"##$%&'('#)*+,-) ,.)

MC: Powheg + Pythia8 full simulation @ m=125 GeV)

Uncertainties: JES/JER, UE, PDF, Scale)

Compatibility test: %2 & Kolmogorov-Smirnov  )

NJet! "#JJ!

!"#$%&'()*)+ ,)--./0*1*-+2345+ 46+

At the precision we 
have the agreement 
looks fair+

Agreement at low 
statistics is fair:

χ2/ndof  p-value
6.9/8    0.55
5.3/5     0.38
7.9/10  0.64

χ2/ndof  p-value
4.6/4    0.33
4.6/4     0.33
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