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Τhe Standard Model Higgs boson

2

Global Electroweak Fit
→ The electro-weak observables depend on mH through 
radiative corrections
→ Global fit performed providing information on the Higgs 
mass, assuming validity of the SM

Non-LHC SM Higgs status
→ LEP mH>114.4 GeV at 95% CL
→ Tevatron excluded 149 GeV<mH<182 GeV at 95% CL
→ Large portion of allowed mH uncovered 
→ mH>200 GeV not considered.

→ The SM unifies the electromagnetic and weak interactions 
through the symmetry SU(2)L⊗U(1)Y, with massless carriers
→ This symmetry is spontaneously broken through the non-
vanishing vacuum expectation value of the Higgs field
→ Three of the four degrees of freedom of the Higgs field are 
becoming the longitudinal polarizations of the vector bosons, 
the fourth is the Higgs boson.

The Higgs boson has been one of the holy grails of 
particle physics for the past half century!

May 2012
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... a long way since then ... 
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Eur.Phys.J. C71 (2011) 1728

http://www.springerlink.com/content/6w13x5j2g371j61l/
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... the observation of a new particle ...
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... and a Nobel Prize
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The Nobel Prize in Physics 2013 was awarded jointly to François Englert and Peter W. Higgs:
"for the theoretical discovery of a mechanism that contributes to our understanding of 
the origin of mass of subatomic particles, and which recently was confirmed through 
the discovery of the predicted fundamental particle, by the ATLAS and CMS experiments 
at CERN's Large Hadron Collider"
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It is of interest to inquire whether gauge
vector mesons acquire mass through interac-
tion'; by a gauge vector meson we mean a
Yang-Mills field' associated with the extension
of a Lie group from global to local symmetry.
The importance of this problem resides in the
possibility that strong-interaction physics orig-
inates from massive gauge fields related to a
system of conserved currents. ' In this note,
we shall show that in certain cases vector
mesons do indeed acquire mass when the vac-
uum is degenerate with respect to a compact
Lie group.
Theories with degenerate vacuum (broken

symmetry) have been the subject of intensive
study since their inception by Nambu. ' ' A
characteristic feature of such theories is the
possible existence of zero-mass bosons which
tend to restore the symmetry. 'y' We shall
show that it is precisely these singularities
which maintain the gauge invariance of the
theory, despite the fact that the vector meson
acquires mass.
~e shall first treat the case where the orig-

inal fields are a set of bosons qA which trans-
form as a basis for a representation of a com-
pact Lie group. This example should be con-
sidered as a rather general phenomenological
model. As such, we shall not study the par-
ticular mechanism by which the symmetry is
broken but simply assume that such a mech-
anism exists. A calculation performed in low-
est order perturbation theory indicates that

those vector mesons which are coupled to cur-
rents that "rotate" the original vacuum are the
ones which acquire mass [see Eq. (6)].
~e shall then examine a particular model

based on chirality invariance which may have a
more fundamental significance. Here we begin
with a chirality-invariant Lagrangian and intro-
duce both vector and pseudovector gauge fields,
thereby guaranteeing invariance under both local
phase and local y, -phase transformations. In
this model the gauge fields themselves may break
the y, invariance leading to a mass for the orig-
inal Fermi field. ~e shall show in this case
that the pseudovector field acquires mass.
In the last paragraph we sketch a simple

argument which renders these results reason-
able.
(1) Lest the simplicity of the argument be

shrouded in a cloud of indices, we first con-
sider a one-parameter Abelian group, repre-
senting, for example, the phase transformation
of a charged boson; we then present the general-
ization to an arbitrary compact Lie group.
The interaction between the y and the A &fields is

H. =ieA y~8 y-e'y*yA Aint p. p, p, p,
'

where y =(y, +iy, )/v2. We shall break the
symmetry by fixing &y) e0 in the vacuum, with
the phase chosen for convenience such that
&V) =&q ') =&q,)/~2.
%'e shall assume that the application of the
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well into account the radiation correction to the 
ß-decay constant found by Berman 3) and Kino- 
shita and Sirlin 4) we obtain for the muon life 
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where T µo is the muon life time calculated by 
means of universal theory of four fermion inter- 
action with a constant taken from ß-decay without 
any corrections, Aß is the cut off momentum due 

to the strong interactions, Aß M, E is the en- 
ergy of 0-transition. According to experimental 
data Tµ /T µ° = 0.988: 1 0.004. 

Substituting the numbers into (1) we obtain 
T µ/ Tµ=1.003 and the disagreement between 
the theory and experiment will be in our case 
1.5 * 0.4%. When discussing this result one should 
take into consideration that in (1) only the terms 

e2 In e-2 were correctly taken into account but 
the terms ^- e2 were discarded. 

It seems to us that the conclusion that in the 
theory of weak interaction with intermediate W- 

meson 0- and µ-constants must be with good ac- 
curacy the same (taking into account the correc- 
tions due to the electromagnetic and weak inter- 
actions), is in favour of the weak interaction the- 
ory with W-meson unlike the four-fermion theory. 

More detailed paper will be published else- 
where. 

The author is indebted to B. V. Geshkenbein, 
1. Yu. Kobsarev, L. B. Okun, A. M. Perelomov, 
1. Ya. Pomeranchuk, V. S. Popov, A. P. Rudik and 
M. V. Terentyev for valuable discussions. 
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Recently a number ofpeople have discussed 
the Goldstone theorem 1, -2): that any solution of a 
Lorentz-invariant theory which violates an inter- 
nal symmetry operation of that theory must con- 
tain a massless scalar particle. Klein and Lee 3) 

showed that this theorem does not necessarily ap- 
ply in non-relativistic theories and implied that 
their considerations would apply equally wgll to 
Lorentz-invariant field theories. Gilbert 4), how- 

ever, gave a proof that the failure of the Goldstone 
theorem in the nonrelativistic case is of a type 
which cannot exist when Lorentz invariance is im- 
posed on a theory. The purpose of this note is to 
show that Gilbert's argument fails for an impor- 
tant class of field theories, that in which the con- 
served currents are coupled to gauge fields. 

Following the procedure used by Gilbert 4), let 
us consider a theory of two hermitian scalar fields 
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS
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(Received 31 August 1964)

In a recent note' it was shown that the Gold-
stone theorem, ' that Lorentz-covaria. nt field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson' has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.
The simplest theory which exhibits this be-

havior is a gauge-invariant version of a model
used by Goldstone' himself: Two real' scalar
fields y„y, and a real vector field A interact
through the Lagrangian density

2 2
L =-&(&v ) -@'7v )1 2

2 2 ~ JL(,V—V(rp + y ) -P'1 2 P,v

where

V p =~ p -eA
1 jL(, 1 p, 2'

p2 +eA {p1'

F =8 A -BA
PV P, V V

e is a dimensionless coupling constant, and the
metric is taken as -+++. I. is invariant under
simultaneous gauge transformations of the first
kind on y, + iy, and of the second kind on A
Let us suppose that V'(cpa') = 0, V"(&p,') ) 0; then
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating ~y„ay„and A & as small quantities]
governing the propagation of small oscillations

about the "vacuum" solution y, (x) =0, y, (x) = y, :
s "(s (np )-ep A )=0,1 0 (2a)

(&'-4e,'V"(y,')f(&y, ) = 0, (2b)

s r"'=eq (s"(c,p, ) ep A-t.
V 0 1 0 p,

(2c)

Pv 2 2
8 B =0, 8 t" +e y 8 =0.

v 0 (4)

Equation (4) describes vector waves whose quanta
have (bare) mass ey, . In the absence of the gauge
field coupling (e =0) the situation is quite differ-
ent: Equations (2a) and (2c) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2c) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term. '
When one considers theoretical models in

which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa-
tion. ' The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil-
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two Y=0,
I3=0 members of the octet. There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding
components of the gauge-field octet to describe

Equation (2b) describes waves whose quanta have
(bare) mass 2po(V"(yo'))'"; Eqs. (2a) and (2c)
may be transformed, by the introduction of new
var iables

fl =A -(ey ) '8 (n, (p ),
p. 0 p, 1'

G =8 B -BB =F
IL(.V p. V V p, LL(V

into the form
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from one or more compound states, probably in
the 'P and S configurations. '~'
The position of the hydrogen resonance on the

energy scale is in very good agreement with the-
oretical predictions, which range from 9.6 to
9.8 ev.
Because of the difficulty of the present experi-

ment the author had to seek advice on many as-
pects of the experiment. He is indebted to A. O.
McCoubrey, R. F. C. Vessot, and F. Kaufman
for advice on handling of atomic hydrogen; to
B.R. McAvoy, J. L. Pack, and J. L. Moruzzi
for advice on and loan of high-power microwave
equipment; to A. V. Phelps and P. J. Chantry for
frequent discussions; and to %. J. Uhlig, J. Kear-
ney, and H. T. Garstka for technical assistance.

*This work was supported in part by the Advanced
Research Projects Agency through the Office of Naval
Research.
P. G. Burke and H. M. Schey, Phys. Rev. 126,

147 (1962}. Their value for the energy at resonance
is 9.61 eV, with a width of 0.109 eV. The state in-
volved is the ~S state.
P. G. Burke and K. Smith, in Atomic Collision

Processes, edited by M. R. C. McDowell (John Wi-
ley @ Sons, Inc. , New York, 1964). They calculate
the energy at resonance resulting from the {2s2P}P
state to be 9.78 eV, width 0.009 eV. They also cal-
culate resonances resulting from (ls2s) ~S and
(ls2P) ~P configurations at much lower energies.
M. Gailitis and R. Damburg, Proc. Phys. Soc.

(London) 82, 192 (1963), find the minimum of the
cross section at 9.6 eV (singlet) and 9.8 eV (no ex-

change) i
M. H. Mittleman, Phys. Rev. Letters 10, 145

(1962), finds the minimum in the cross section at
9.8 eV.
~K. Smith, R. F. Eachran, and P. A. Frazer,

Phys. Rev. 125, 553 (1962).
~A. Temkin and R. Pohle, Phys. Rev. Letters
10, 22 (1963), find the minimum in the cross sec-
tion just below 9.7 eV.
VA. Herzenberg, K. L. Kwok, and F. Mandl, Proc.

Phys. Soc. (London) 84, 345 (1964), discuss the 'S
level at 9.61 eV.
G. J. Schulz, Phys. Rev. Letters 10, 104 (1963).
R. J. Fleming and G. S. Higginson, Proc. Phys.

Soc. (London) 81, 974 (1963); see also J. A. Simpson
and U. Fano, Phys. Rev. Letters 11, 158 (1963).
~OG. J. Schulz, Phys. Rev. 136, A650 (1964).
'~In addition to the usual problems encountered in
calibrating energy scales, the charging of the glass
and the existence of a residual plasma in the region
in which the electron beam traverses the gas stream
may play a role in establishing the potential in that
region.
' The elastic cross section in both molecular and
atomic hydrogen decreases with electron energy;
thus the transmitted current vs electron energy under
our operating conditions is a steeply rising function.
On such a curve it would be very difficult to observe
a resonance. Fortunately„ the elastic cross section
of H20 increases with energy in the 9- to 10-eV range
and thus it is possible to alter the slope of the trans-
mitted current vs electron energy by admixing vari-
ous amounts of H20 to Hz.' In a mixture of H2 and H20 it is difficult to estab-
lish the proper energy scale. In a mixture of H2 and
Ne, the rare gas serves both as a buffer gas for en-
hanced dissociation and as a calibrating gas.

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik, f C. R. Hagen, f.and T. %. B. Kibble
Department of Physics, Imperial College, London, England

(Received 12 October 1964)

In all of the fairly numerous attempts to date to
formulate a consistent field theory possessing a
broken symmetry, Goldstone's remarkable the-
orem' has played an important role. This theo-
rem, briefly stated, asserts that if there exists
a conserved operator Q; such that

[q.,a (x)j=Q f. .„X (x),

and if it is possible consistently to take Q&f. &k ggk
x(OIAy I 0)t 0, then A (x) has a zero-mass par-
ticle in its spectrum. It has more recently been
observed that the assumed Lorentz invariance
essential to the proof' may allow one the hope of
avoiding such massless particles through the in-

troduction of vector gauge fields and the conse-
quent breakdown of manifest covariance. ' This,
of course, represents a departure from the as-
sumptions of the theorem, and a limitation on
its applicability which in no way reflects on the
general validity of the proof.
In this note we shall show, within the frame-

work of a simple soluble field theory, that it is
possible consistently to break a symmetry (in
the sense that Q~t;&~(OIA~ I 0) x 0) without requir-
ing that A(x) excite a zero-mass particle. While
this result might suggest a general procedure
for the elimination of unwanted massless bosons,
it will be seen that this has been accomplished
by giving up the global conservation law usually
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The LHC and the detectors
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ATLAS

CMS

LHC

ALICE

LHCb



⇒ Very important to ensure high data-taking efficiency/quality
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A Toroidal LHC ApparatuS

7

⇒ General purpose detector designed for the harsh LHC environment

ATLAS

Magnets 2T solenoid, 3 air-core 
toroids

Tracking silicon + transition 
radiation tracker

EM Calorimetry sampling LAr technology

Hadron 
Calorimetry

plastic scintillator (barrel) 
LAr technology (endcap)

Muon independent system
with trigger capabilities

Trigger 3 Level Implementation 
from 40 MHz to 400 Hz
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The LHC Run I dataset
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Excellent LHC performance during Run I :
4.8 fb-1 at 7 TeV and 20.7 fb-1 at 8 TeV
→ Pile-up in 2012 exceeding detector design specifications
→ Maintain excellent performance by improved algorithms
→ Proper modeling of experimental conditions essential

7.73×10333.65×1033 cm-2s-12.07×1032

At the time of the discovery all we really knew:
“It is a boson which couples to bosons”

Additional data focus on study of properties
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ATLAS Performance: Electrons and Muons
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Z→µµ candidate with 25 reconstructed vertices from the 2012 run.
Only good quality tracks with pT>0.4GeV are shown
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ATLAS Performance: Photons and EM response
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Stable photon reconstruction vs pile-up (within 1%)

• Excellent stability of the EM calorimeter response!
• Studied with Z,J/ψ→ee and W→eν events
• Energy scale at mZ known to ~0.3%
• Uniformity ~1% (2.5% for 1.37< |η|<1.8)



Jet PT scale uncertainty

Identifying τ-leptons & Tagging b-jets

• Jets + tracks used to form τhad candidates

➡ energy from MC

➡ energy scale from isolated hadron data

• Analyses presented here use 60% 

working point - selects 60% of τhad

• selects few% of QCD jets and <1% of 

electrons 

• Exploit multivariant techniques to identify b-jets and hadronically decaying τ-leptons

b-jet tagging
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Figure 1: Light-jet rejection (left) and c-jet rejection (right) as a function of the b-tag efficiency for the
b-tagging algorithms calibrated in this note, based on simulated tt̄ events.

40 GeV, 40 GeV ≤ pT < 50 GeV, 50 GeV ≤ pT < 60 GeV, 60 GeV ≤ pT < 75 GeV, 75 GeV ≤ pT <
90 GeV, 90 GeV≤ pT < 110 GeV, 110 GeV≤ pT < 140 GeV and 140 GeV ≤ pT < 200 GeV, while the
! bins are 0≤ |! |< 0.6, 0.6 ≤ |! | < 1.2, 1.2 ≤ |! |< 1.8 and 1.8 ≤ |! |< 2.5. The data-to-simulation
scale factors do not show a strong dependence in either jet pT or |! |, and the final results only include
the subdivision in jet pT.

2 Data and Simulation Samples, Object Selection
The data sample used in the analyses corresponds to approximately 5 fb−1 of 7 TeV proton-proton
collision data collected by the ATLAS experiment during 2011. Events were collected with triggers
that require a muon reconstructed from hits in the muon spectrometer that is spatially matched to a
calorimeter jet. In each jet pT bin of the analyses, the muon-jet trigger with the lowest jet threshold that
has reached the efficiency plateau is used. In the lower pT region (up to 60 GeV in the prelT analysis
and up to 75 GeV in the system8 analysis) events with at least one jet with ET > 10 GeV at the last
trigger level are used. Starting from 60 GeV (75 GeV) the prelT (system8) analysis uses events with at
least one jet with ET > 10 GeV at the first trigger level. In the region between 110 and 200 GeV, the
system8 analysis uses events with at least one jet ET > 20 or 30 GeV at the first trigger level. Each of the
muon-jet triggers is collecting data at a fixed rate slightly below 1 Hz, meaning that the low jet threshold
triggers are heavily prescaled.

The key objects for b-tagging are the reconstructed primary vertex, the calorimeter jets and tracks
reconstructed in the inner detector. The tracks are associated with the calorimeter jets with a spatial
matching in "R(jet, track) [4]. The track-selection criteria depend on the b-tagging algorithm, and are
detailed in [2, 5]. Jets are reconstructed from topological clusters [6] of energy in the calorimeter us-
ing the anti-kt algorithm with a distance parameter of 0.4 [7–9]. The jet reconstruction is done at the
electromagnetic scale and then a scale factor is applied in order to obtain the jet energy at the hadronic
scale. The jet energy is further corrected for the energy of the muon and the average energy of the corre-
sponding neutrino in simulated events, to arrive at the jet energy scale of an inclusive b-jet sample. The

2

• Uses secondary & subsequent 

vertices along b-hadron line of 

flight

• Analyses presented here use 70% 

working point

➡ selects 70% of b-jets

➡ mistag rate for light jets ~1% 
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4Wednesday, 6 March 2013
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ATLAS Performance: Jets and Missing ET
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Number of reconstructed vertices in event

Excellent understanding of the detector performance!
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Djouadi, Kalinowski, Spira

γγ
WW
ZZ

SM Higgs Production and Decay at LHC

Typical uncertainties
- gg 10-20% (NNLO)

- ttH ~10% (NLO)
- WH,ZH  <5% (NNLO)

- VBF <10% (NLO)

Branching Ratios
known to NLO few % uncertainty
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Higgs boson production
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For mH = 125 GeV cross-section increases 
by ~1.3 when going from 7 to 8 TeV 

by ~3.3 when going from 7 to 14 TeV
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Djouadi, Kalinowski, Spira

γγ
WW
ZZ

SM Higgs Production and Decay at LHC

Typical uncertainties
- gg 10-20% (NNLO)

- ttH ~10% (NLO)
- WH,ZH  <5% (NNLO)

- VBF <10% (NLO)

Branching Ratios
known to NLO few % uncertainty
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The LHC is a Higgs Factory
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mH~125 GeV gives access to several decay channels
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Η→γγ
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ET1=62.2 GeV and η1=0.39 
ET2=55.5 GeV and η2=1.18
mγγ=126.9 GeV and pTt=6.5 GeV

• Sensitive for low mH (110 - 150 GeV)
• Search for narrow peak in mγγ

• Background from data
• Main Backgrounds: 
→ di-photon ➛ mγγ resolution
→ jj and γj    ➛ photon-ID

Selection
Two isolated photons with 

ET>40 GeV and 30 GeV respectively
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Η→γγ: Event Categories
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Improve the overall S/B of the analysis, and enhance particular signal contributions for properties studies
8 TeV (90% signal window)

14 exclusive categories

BDT: mjj, ηj1, ηj2, ∆ηjj, pTt, ∆φγγ;jj, 
η*=ηγγ −(ηj1+ηj2)/2 ∆Rminγj  
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Η→γγ: mγγ spectra
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Most significant deviation from background only hypothesis at mH =126.5 GeV: 
• Local significance: 7.4σ (with 4.1σ expected) @ mH=126.5 GeV
• Inclusive analysis: 6.1σ (with 2.9σ expected) 
• Mass measurement: 126.8 ± 0.2 (stat) ± 0.7 (syst) GeV
• Main systematics: γ energy scale from Z→ee, material modeling and presampler energy scale →  0.6 GeV

• Rate with respect to Standard Model: 1.65 ± 0.24 (stat)+0.25−0.18 (syst)
• 2.3σ deviation from the Standard Model

Statistics Treatment:
•profile likelihood ratio [Eur.Phys.J.C71:1554,2011] 
→systematic uncertainty as nuisance parameters

•CLS exclusion limits [J.Phys.G28(2002)2693]
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- Two same-flavor opposite-sign di-leptons (e/µ)
- pT1,2,3,4 > 20, 15, 10, 7 GeV (6 GeV for µ)
- Single lepton and di-lepton triggers

µ+µ-

- Tracking and calorimeter isolation
- Impact Parameter (IP) significance

50 GeV < m12 < 106 GeV, 
mthr(m4l) <m34<115 GeV mthr =12 - 50 GeV 
→ all same-flavor opposite-sign pairs mll>5 GeV
→ ∆R(l,l′) > 0.10(0.20) for all same(different)-flavor

e+e-

H→ZZ(*)→4l (l=e,µ)
Backgrounds

 ZZ(*)→4l and for m4l<2mZ

Z+jets (Z+light jets/Zbb̄) and tt̄
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Signal ZZ(*) Other
Backgrounds Observed S/B

4µ 6.3±0.8 2.8±0.1 0.55±0.15 13 ~1.9

2µ2e 3.0±0.4 1.4±0.1 1.56±0.33 5 ~1.0

2e2µ 4.0±0.5 2.1±0.1 0.55±0.17 7 ~1.5

4e 2.6±0.4 1.2±0.1 1.11±0.28 6 ~1.1

120-130 GeV • Local significance:6.6σ (4.4σ)@mH=124.3GeV
• Mass: 124.3+0.6-0.5(stat)+0.5-0.3(syst) GeV
• Main systematic uncertanty: e/µ E/P scale
• Rate with respect to SM: 1.7+0.5−0.4 

• 1.5 ± 0.4 @ mH=125.5 GeV
Further categorizing the observed events:
• VBF-like (two jets in VBF topology)
• VH-like (events with additional leptons)
• ggF-like(all remaining events)
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Higgs boson mass measurement using:
• H→γγ : 126.8 ± 0.2 (stat) ± 0.7 (syst) GeV
• H→ZZ→4l : 124.3+0.6-0.5(stat)+0.5-0.3(syst) GeV

Combined mH:125.5 ± 0.2 (stat)+0.5-0.6 (syst) GeV
• single particle to give as much/more discrepant result 1.5% (2.4σ)
• by moving ±1σ the main systematics (calibration, upstream material, 
pre-samples energy scale) consistency increases up to 8%
• H→4l consistency leads to -0.8σ adjustment of e/γ energy scale 
• shift -350 MeV for H→γγ mass
• CMS : mH = 125.7 ± 0.3 (stat) ± 0.3 (syst) GeV
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• Sensitive in wide mass range but:
• no mass peak
• uses all ATLAS components!

• Signature: ll + MET 
• Observable: mT

• Backgrounds: WW, top, W/Z+jets
• Separate final states: 
• dilepton mass: mll 
• lepton flavors: µe, eµ, µµ, ee
• jet multiplicities: 0, 1, ≥2

Table 2: Selection listing for 8 TeV data. The criteria specific to eµ+ µe and ee+ µµ are noted as such;

otherwise, they apply to both. Pre-selection applies to all Njet modes. The rapidity gap is the y range

spanned by the two leading jets. The m!! split is at 30GeV. The modifications for the 7 TeV analysis

are given in Section 6 and are not listed here. Energies, masses, and momenta are in units of GeV.

Category Njet = 0 Njet = 1 Njet ≥ 2

Pre-selection

Two isolated leptons (!= e, µ) with opposite charge
Leptons with pleadT > 25 and p

sublead
T > 15

eµ+ µe: m!! > 10
ee+ µµ: m!! > 12, |m!! − mZ |> 15

Missing transverse
momentum and
hadronic recoil

eµ+ µe: Emiss
T,rel
> 25 eµ+ µe: Emiss

T,rel
> 25 eµ+ µe: EmissT > 20

ee+ µµ: Emiss
T,rel
> 45 ee+ µµ: Emiss

T,rel
> 45 ee+ µµ: EmissT > 45

ee+ µµ: pmiss
T,rel
> 45 ee+ µµ: pmiss

T,rel
> 45 ee+ µµ: EmissT,STVF > 35

ee+ µµ: frecoil < 0.05 ee+ µµ: frecoil < 0.2 -

General selection
- Nb-jet = 0 Nb-jet = 0
|∆φ!!,MET |> π/2 - ptotT < 45
p!!T > 30 eµ+ µe: Z/γ∗ →ττ veto eµ+ µe: Z/γ∗→ ττ veto

VBF topology

- - mj j > 500
- - |∆y j j |> 2.8
- - No jets (pT > 20) in rapidity gap
- - Require both ! in rapidity gap

H→WW (∗)→ !ν!ν

topology

m!! < 50 m!! < 50 m!! < 60
|∆φ!! |< 1.8 |∆φ!! |< 1.8 |∆φ!! |< 1.8
eµ+ µe: split m!! eµ+ µe: split m!! -
Fit mT Fit mT Fit mT

to the selection on the variable of interest is discussed below.

The m!! distribution for Njet ≤ 1 is shown in Fig. 3. The signal-to-background (S/B) ratio in
this distribution is varying, so the sample is further subdivided for signal extraction (Section 7.2) at

m!! = 30GeV for Njet ≤ 1 in the eµ+ µe channels. The split is not made for the corresponding ee+ µµ
channels.

The transverse mass mT distribution is used to measure the signal strength. It is defined as

mT = ((E
!!
T
+ Emiss

T
)2 − |p!!

T
+Emiss

T
|2)1/2 with E!!

T
= (|p!!

T
|2 +m2

!!
)1/2. The statistical treatment is de-

scribed later in Section 7. Figure 4 shows the expected signal and the composition of the expected

background for the different Njet analyses and decay channels. The details of the normalisation of the

background events are discussed in the next section. The highest S/B is in a region of mT around

mH: 0.75mH <mT <mH for Njet ≤ 1 and mT < 1.2mH for Njet ≥ 2. To illustrate the relative size of the
signal, the expected S/B in the above-mentioned mT range is 0.14, 0.15, and 0.31 for Njet = 0, = 1, and

≥ 2, respectively, for the combined eµ+ µe+ ee+ µµ channels.

4 Background estimation

The processes producing two isolated high-pT leptons with high values of E
miss
T
areWW and top quark

production. In this note, top background refers to the combined tt̄ and single top (tW, tb, and tqb)

processes unless stated otherwise the latter is noted as t in the tables. These backgrounds, as well as

9

pT > 25 GeV, pT>15 GeV, mll upper threshold, ETMiss/ETMissRel and Δφll requirements, 
µe/eµ mll>10 GeV, µµ/ee mll>12 GeV and |mll-mΖ|>15 GeV b-tag jet veto

mjj = 1.5 TeV, |Δyjj| = 6.6, mll = 21 GeV, mT = 95 GeV
pTe= 51 GeV, pTµ=15 GeV pTjets= 68,33 GeV, MET=33 GeV
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Local significance at mH=140GeV is 4.1σ 
Local significance at mH=125GeV is 3.8σ

Rate with respect to SM: 1.01 ± 0.31 @ mH=125 GeV
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• Largest BR but very high background
• Exploit associated production with W or Z
• Final states with leptons, MET and b-jets

• Backgrounds: W/Z+jets and top
• Final discriminant mbb

• Separate final states: 
• number of leptons: 0, 1, 2
• PT(V) or MET
• number of jets
• 26 signal bins in total 
• + 27 control regions

H→bb 

observation at 4.8σ(5.1σ) of VZ(➝bb) production

ATLAS-CONF-2013-079

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-079/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-079/
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mH=125 GeV
95% CL exclusion limit 1.4 (1.3) x SM

µ = 0.2 ± 0.5 (stat) ± 0.4 (syst)
CMS : significance 2.1(2.1)σ for mH=125 GeV
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http://www.sciencedirect.com/science/article/pii/S0370269313006369
http://www.sciencedirect.com/science/article/pii/S0370269313006369


µ=0.80±0.14

NEW! µ=1.0 ± 0.5
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Higgs boson signal strength measurement 
• using H→γγ, H→ZZ→4l and H→WW→lvlv
• µ = (σ x BR) / (σ x BR)SM

• µ = 1.33+0.21-0.18 at mH=125.5 GeV
[including preliminary/partial H→bb/H→ττ results gives 1.23±0.18]

• consistency with SM 7%
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Overall Higgs boson signal strength measurement:
• no information on different production mechanisms
• assuming SM ratio of production cross-section

Separate vector-boson/gluon mediated processes:
• use two signal strengths µVBF+VH and µggF+ttH

• µVBF+VH / µggF+ttH = 1.4+0.4-0.3(stat)+0.6-0.4 (sys) 
• model independent (no assumption on branching ratios)

• 3.3σ evidence for VBF Higgs boson production
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Higgs boson signal strength measurement 
following formalism of arXiv:1209.0040
• single resonance of 125.5 GeV
• narrow width approximation
• only modifications of the coupling strengths

Deviations described by overall scales kF (kV) for fermions 
(bosons), respectively, no BSM contribution

2D compatibility with SM is 12%

Table 10: Summary of the coupling benchmark models discussed in this paper, where �i j = i/ j, ii = ii/H , and the functional dependence
assumptions are: V = W = Z , F = t = b = ⌧ (and similarly for the other fermions), g = g(b, t), � = �(b, t , ⌧, W ), and H = H(i).
The tick marks indicate which assumptions are made in each case. The last column shows, as an example, the relative couplings involved in the
gg! H ! �� process, see Eq. (7), and their functional dependence in the various benchmark models.

Model Probed Parameters of Functional assumptions Example: gg! H ! ��
couplings interest V F g � H

1 Couplings to
fermions and bosons

V , F
p p p p p

2F · 2�(F , V )/2H(F , V )
2 �FV , VV

p p p p
- 2VV · �2

FV · 2�(�FV , �FV , �FV , 1)
3 Custodial symmetry �WZ , �FZ , ZZ -

p p p
- 2ZZ · �2

FZ · 2�(�FZ , �FZ , �FZ , �WZ)
4 �WZ , �FZ , ��Z , ZZ -

p p
- - 2ZZ · �2

FZ · �2
�Z

5 Vertex loops g, � =1 =1 - -
p

2g · 2�/2H(g, �)

(benchmark model 2 in Table 10), which still provides
useful information on the relationship between Yukawa
and gauge couplings. Fits to the data give the following
68% CL intervals for �FV and VV = VV/H (when
profiling over the other parameter):

�FV 2 [0.70, 1.01] (11)
VV 2 [1.13, 1.45] (12)

The two-dimensional compatibility of the SM pre-
diction with the best-fit value is 12%. These results
also exclude vanishing couplings of the Higgs boson to
fermions (indirectly, mainly through the gg ! H pro-
duction loop) by more than 5�.

7.4.2. Ratio of couplings to the W and Z bosons
In the Standard Model, custodial symmetry imposes

the constraint that the W and Z bosons have identical
couplings to the Higgs boson and that ⇢=1 (as measured
at LEP [121]). The former constraint is tested here by
measuring the ratio �WZ = W/Z .

The simplest and most model-independent approach
is to extract the ratio of branching ratios normalised to
their SM expectation, �2

WZ = B(H ! WW⇤)/B(H !
ZZ⇤) ·BSM(H ! ZZ⇤)/BSM(H ! WW⇤), from the mea-
sured inclusive rates of the H ! WW⇤ and H ! ZZ⇤
channels. A fit to the data with the likelihood ⇤(�WZ),
where µggF+ttH ⇥ B(H! ZZ⇤)/BSM(H ! ZZ⇤) and
µVBF+VH/µggF+ttH are profiled, gives �WZ = 0.81+0.16

�0.15.
A more sensitive measurement can be obtained by

also using information from WH and ZH production,
from the VBF process (which in the SM is roughly
75% W-fusion and 25% Z-fusion mediated) and from
the H ! �� decay mode. A fit to the data using
benchmark model 3 in Table 10 gives the likelihood
curve shown in Fig. 11, with �WZ 2 [0.61, 1.04] at the
68% CL, dominated by the statistical uncertainty; the

other parameters, �FZ and ZZ , are profiled. The three-
dimensional compatibility of the SM prediction with the
best-fit value is 19%.
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Figure 11: Likelihood curve for the coupling scale factor �WZ (bench-
mark model 3 in Table 10). The thin dotted lines indicate the continu-
ation of the likelihood curve when restricting �FZ to be either positive
or negative. The dashed curves show the SM expectation with the
right (left) minimum indicating �FZ positive (negative).

Potential contributions from BSM physics a↵ecting
the H ! �� channel could produce apparent deviations
of the ratio �WZ from unity even if custodial symme-
try is not broken. It is therefore desirable to decouple
the observed H ! �� event rate from the measurement
of �WZ . This is done with an extended fit for the ratio
�WZ , where one extra degree of freedom (��Z = �/Z)
absorbs possible BSM e↵ects in the H ! �� channel
(benchmark model 4 in Table 10). This measurement
yields:

�WZ = 0.82 ± 0.15 (13)

and a four-dimensional compatibility of the SM predic-
tion with the best-fit value of 20%.
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7.4.3. Constraints on production and decay loops
Many BSM physics scenarios predict the existence

of new heavy particles, which can contribute to loop-
induced processes such as gg ! H production and
H ! �� decay. In the approach used here (benchmark
model 5 in Table 10), it is assumed that the new parti-
cles do not contribute to the Higgs boson width and that
the couplings of the known particles to the Higgs boson
have SM strength (i.e. i=1). E↵ective scale factors g
and � are introduced to parameterise the gg ! H and
H ! �� loops. The results of their measurements from
a fit to the data are shown in Fig. 12. The best-fit values
when profiling over the other parameters are:

g = 1.04 ± 0.14 (14)
� = 1.20 ± 0.15 (15)

The two-dimensional compatibility of the SM predic-
tion with the best-fit value is 14%.
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Figure 12: Likelihood contours for the coupling scale factors � and g
probing BSM contributions to the H ! �� and gg! H loops, assum-
ing no BSM contributions to the total Higgs boson width (benchmark
model 5 in Table 10). The best-fit result (⇥) and the SM expecta-
tion (+) are also indicated.

7.4.4. Summary
The results of the measurements of the coupling scale

factors discussed in the previous sections, obtained un-
der the assumptions detailed in Section 7.4 and Ta-
ble 10, are summmarised in Fig. 13. The measurements
in the various benchmark models are strongly corre-
lated, as they are obtained from fits to the same exper-
imental data. A simple �2-like compatibility test with
the SM is therefore not meaningful.

The coupling of the new particle to gauge bosons V
is constrained by several channels, directly and indi-
rectly, at the ±10% level. Couplings to fermions with
a significance larger than 5� are indirectly observed

mainly through the gluon-fusion production process, as-
suming the loop is dominated by fermion exchange. The
ratio of the relative couplings of the Higgs boson to the
W and Z bosons, W/Z , is measured to be consistent
with unity, as predicted by custodial symmetry. Under
the hypothesis that all couplings of the Higgs boson to
the known particles are fixed to their SM values, and as-
suming no BSM contributions to the Higgs boson width,
no significant anomalous contributions to the gg ! H
and H ! �� loops are observed.
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Figure 13: Summary of the measurements of the coupling scale fac-
tors for a Higgs boson with mass mH=125.5 GeV. The best-fit values
are represented by the solid vertical lines, with the ±1� and ±2� un-
certainties given by the dark- and light-shaded band, respectively. For
a more complete illustration, the distributions of the likelihood ra-
tios from which the total uncertainties are extracted are overlaid. The
measurements in the various benchmark models, separated by double
horizontal lines, are strongly correlated.

8. Conclusions

Data recorded by the ATLAS experiment at the
CERN Large Hadron Collider in 2011 and 2012, cor-
responding to an integrated luminosity of up to 25 fb�1

at
p

s = 7 TeV and
p

s = 8 TeV, have been analysed
to determine several properties of the recently discov-
ered Higgs boson using the H ! ��, H!ZZ⇤! 4` and
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Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H ! ��, H!ZZ⇤! 4` and H!WW⇤! `⌫`⌫ chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

� · B (gg! H ! ��)
�SM(gg! H) · BSM(H ! ��) =

2g · 2�
2H

(7)

In some of the fits, H and the e↵ective scale factors
� and g for the loop-induced H ! �� and gg ! H
processes are expressed as a function of the more fun-
damental factors W , Z , t, b and ⌧ (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

2g(b, t) =
2t · �tt

ggH + 
2
b · �bb

ggH + tb · �tb
ggH

�tt
ggH + �

bb
ggH + �

tb
ggH

2�(b, t, ⌧, W ) =

P
i, j i j · �i j

��
P

i, j �
i j
��

(8)

2H =
X

j j=WW⇤, ZZ⇤, bb̄, ⌧�⌧+,

��, Z�, gg, tt̄, cc̄, ss̄, µ�µ+

2j�
SM
j j

�SM
H

where �i j
ggH , �i j

�� and �SM
f f are obtained from theory [14,

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

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

The assumptions made for the various measurements
are summarised in Table 10 and discussed in the next
sections together with the results.
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Figure 10: Likelihood contours (68% CL) of the coupling scale fac-
tors F and V for fermions and bosons (benchmark model 1 in Ta-
ble 10), as obtained from fits to the three individual channels and their
combination (for the latter, the 95% CL contour is also shown). The
best-fit result (⇥) and the SM expectation (+) are also indicated.

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

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

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

F 2 [0.76, 1.18] (9)
V 2 [1.05, 1.22] (10)

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

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling F ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio �FV = F/V can be measured
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Table 10: Summary of the coupling benchmark models discussed in this paper, where �i j = i/ j, ii = ii/H , and the functional dependence
assumptions are: V = W = Z , F = t = b = ⌧ (and similarly for the other fermions), g = g(b, t), � = �(b, t , ⌧, W ), and H = H(i).
The tick marks indicate which assumptions are made in each case. The last column shows, as an example, the relative couplings involved in the
gg! H ! �� process, see Eq. (7), and their functional dependence in the various benchmark models.

Model Probed Parameters of Functional assumptions Example: gg! H ! ��
couplings interest V F g � H

1 Couplings to
fermions and bosons

V , F
p p p p p

2F · 2�(F , V )/2H(F , V )
2 �FV , VV

p p p p
- 2VV · �2

FV · 2�(�FV , �FV , �FV , 1)
3 Custodial symmetry �WZ , �FZ , ZZ -

p p p
- 2ZZ · �2

FZ · 2�(�FZ , �FZ , �FZ , �WZ)
4 �WZ , �FZ , ��Z , ZZ -

p p
- - 2ZZ · �2

FZ · �2
�Z

5 Vertex loops g, � =1 =1 - -
p

2g · 2�/2H(g, �)

(benchmark model 2 in Table 10), which still provides
useful information on the relationship between Yukawa
and gauge couplings. Fits to the data give the following
68% CL intervals for �FV and VV = VV/H (when
profiling over the other parameter):

�FV 2 [0.70, 1.01] (11)
VV 2 [1.13, 1.45] (12)

The two-dimensional compatibility of the SM pre-
diction with the best-fit value is 12%. These results
also exclude vanishing couplings of the Higgs boson to
fermions (indirectly, mainly through the gg ! H pro-
duction loop) by more than 5�.

7.4.2. Ratio of couplings to the W and Z bosons
In the Standard Model, custodial symmetry imposes

the constraint that the W and Z bosons have identical
couplings to the Higgs boson and that ⇢=1 (as measured
at LEP [121]). The former constraint is tested here by
measuring the ratio �WZ = W/Z .

The simplest and most model-independent approach
is to extract the ratio of branching ratios normalised to
their SM expectation, �2

WZ = B(H ! WW⇤)/B(H !
ZZ⇤) ·BSM(H ! ZZ⇤)/BSM(H ! WW⇤), from the mea-
sured inclusive rates of the H ! WW⇤ and H ! ZZ⇤
channels. A fit to the data with the likelihood ⇤(�WZ),
where µggF+ttH ⇥ B(H! ZZ⇤)/BSM(H ! ZZ⇤) and
µVBF+VH/µggF+ttH are profiled, gives �WZ = 0.81+0.16

�0.15.
A more sensitive measurement can be obtained by

also using information from WH and ZH production,
from the VBF process (which in the SM is roughly
75% W-fusion and 25% Z-fusion mediated) and from
the H ! �� decay mode. A fit to the data using
benchmark model 3 in Table 10 gives the likelihood
curve shown in Fig. 11, with �WZ 2 [0.61, 1.04] at the
68% CL, dominated by the statistical uncertainty; the

other parameters, �FZ and ZZ , are profiled. The three-
dimensional compatibility of the SM prediction with the
best-fit value is 19%.
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Figure 11: Likelihood curve for the coupling scale factor �WZ (bench-
mark model 3 in Table 10). The thin dotted lines indicate the continu-
ation of the likelihood curve when restricting �FZ to be either positive
or negative. The dashed curves show the SM expectation with the
right (left) minimum indicating �FZ positive (negative).

Potential contributions from BSM physics a↵ecting
the H ! �� channel could produce apparent deviations
of the ratio �WZ from unity even if custodial symme-
try is not broken. It is therefore desirable to decouple
the observed H ! �� event rate from the measurement
of �WZ . This is done with an extended fit for the ratio
�WZ , where one extra degree of freedom (��Z = �/Z)
absorbs possible BSM e↵ects in the H ! �� channel
(benchmark model 4 in Table 10). This measurement
yields:

�WZ = 0.82 ± 0.15 (13)

and a four-dimensional compatibility of the SM predic-
tion with the best-fit value of 20%.
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• Spin Combination
• ZZ+WW+γγ
• ATLAS-CONF-2013-040
• Phys. Lett. B 726 (2013), pp. 120-144

Production modes
spin-0 : ggF (qqbar annihilation negligible)
spin-1 : qqbar annihilation
spin-2 : ggF & qqbar annihilation

For the Graviton inspired tensor with minimal couplings to SM, 
ggF dominates with qqbar ~4%, but higher order QCD 
corrections may significantly modify this → scan fqqbar

VBF and VH production modes:
γγ : included in the analysis
4l  : VBF production does not modify kinematics
lvlv: negligible contribution

Channel H ! ZZ(⇤) ! 4` H ! WW (⇤) ! `⌫`⌫ H ! ��
Dataset 20.7 fb�1 @ 8 TeV 20.7 fb�1 @ 8 TeV 20.7 fb�1 @ 8 TeV

4.8 fb�1 @ 7 TeV
Reference ATLAS-CONF-2013-013 ATLAS-CONF-2013-031 ATLAS-CONF-2013-029
Signal JHU�PYTHIA PowHeg/JHU�PYTHIA PowHeg/JHU�PYTHIA

Tested Hypotheses
0� X - -
1+ X X -
1� X X -
2+ X X X

http://www.sciencedirect.com/science/article/pii/S0370269313006527
http://www.sciencedirect.com/science/article/pii/S0370269313006527
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3. Statistical method

The analyses described in this Letter rely on discrim-
inant observables chosen to be sensitive to the spin and
parity of the signal while preserving the discrimination
against the various backgrounds, as described in Sec-
tions 4, 5 and 6 for the three final states. A likelihood
function L(JP, µ, ✓) that depends on the spin–parity as-
sumption of the signal is constructed as a product of
conditional probabilities over binned distributions of the
discriminant observables in each channel:

L(JP, µ, ✓) =
Nchann.Y

j

NbinsY

i

P
�
Ni, j | µ j · S (JP)

i, j (✓) + Bi, j(✓)
� ⇥A j(✓) ,

(1)

where µ j represents the nuisance parameter associated
with the signal rate in each channel j. The symbol
✓ represents all other nuisance parameters. The likeli-
hood function is therefore a product of Poisson distribu-
tions P corresponding to the observation of Ni, j events
in each bin i of the discriminant observable(s),1 given
the expectations for the signal, S (JP)

i, j (✓), and for the
background, Bi, j(✓). Some of the nuisance parameters
are constrained by auxiliary measurements through the
functionsA j(✓).

While for the SM Higgs boson the couplings to the
SM particles are predicted, they are not known a priori
for the alternative hypotheses, defined as JP

alt. In order to
be insensitive to such assumptions, the numbers of sig-
nal events in each channel and for each tested hypothe-
sis are treated as an independent nuisance parameters in
the likelihood.

The test statistic q used to distinguish between the
two signal spin–parity hypotheses is based on a ratio of
likelihoods:

q = log
L(JP = 0+, ˆ̂µ0+ ,

ˆ̂✓0+ )

L(JP
alt,

ˆ̂µJP
alt
, ˆ̂✓JP

alt
)
, (2)

where L(JP, ˆ̂µJP , ˆ̂✓JP ) is the maximum likelihood esti-
mator, evaluated under either the 0+ or the JP

alt spin–
parity hypothesis. The ˆ̂µJP , ˆ̂✓JP represent the values
of the signal strength and nuisance parameters fitted

1As explained in the following sections, the sensitivity for spin–
parity separation is improved by a simultaneous fit to two discrim-
inants in the H! �� and H ! WW⇤ decay modes, while in the
H ! ZZ⇤ channel only one discriminant is used.

to the data under each JP hypothesis. The distribu-
tions of the test statistics for each of the two hypothe-
ses are obtained using ensemble tests (Monte Carlo
pseudo-experiments). The generation of the pseudo-
experiments uses the numbers of signal and background
events in each channel obtained from maximum likeli-
hood fits to data. In the fits of each pseudo-experiment,
these and all other nuisance parameters are profiled, i.e.
fitted to the value that maximises the likelihood for each
value of the parameter of interest. When generating the
distributions of the test statistics for a given spin–parity
hypothesis, the signal strength µ is fixed to the value ob-
tained in the fit to the data under the same spin–parity
assumption. The distributions of q are used to deter-
mine the corresponding p0-values p0(0+) and p0(JP

alt).
For a tested hypothesis JP

alt, the observed (expected)
p0-values are obtained by integrating the corresponding
test-statistic distributions above the observed value of q
(above the median of the JP = 0+ q distribution). When
the measured data are in agreement with the tested hy-
pothesis, the observed value of q is expected to be close
to the median, corresponding to a p0-value around 50%.
Very small values of the integral of the JP

alt distribution,
corresponding to large values of q, are interpreted as the
data being in disagreement with the tested hypothesis
in favour of the SM hypothesis. An example of such
distributions is shown in Section 7 for the 0+ and 0�
hypotheses.

The exclusion of the alternative JP
alt hypothesis in

favour of the Standard Model 0+ hypothesis is evaluated
in terms of the corresponding CLs(JP

alt), defined as:

CLs(JP
alt) =

p0(JP
alt)

1 � p0(0+)
. (3)

4. H! �� Analysis

The H! �� decay mode is sensitive to the spin of
the Higgs boson through the measurement of the po-
lar angular distribution of the photons in the resonance
rest frame. For this channel, the SM spin hypothesis
is compared only to the JP = 2+ hypothesis. Spin in-
formation can be extracted from the distribution of the
absolute value of the cosine of the polar angle ✓⇤ of the
photons with respect to the z-axis of the Collins–Soper
frame [27]:

| cos ✓⇤| = | sinh(�⌘��)|
q

1 + (p��T /m��)2

2p�1T p�2T

m2
��

, (4)

where m�� and p��T are the invariant mass and the trans-
verse momentum of the photon pair, �⌘�� is the separa-
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to the data under each JP hypothesis. The distribu-
tions of the test statistics for each of the two hypothe-
ses are obtained using ensemble tests (Monte Carlo
pseudo-experiments). The generation of the pseudo-
experiments uses the numbers of signal and background
events in each channel obtained from maximum likeli-
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The test statistic is the ratio of profiled likelihoods (LLR) between the two hypotheses, 
nuisance parameters profiled separately for each hypothesis

The test statistic distribution for each hypothesis is extracted from ensemble tests
(pseudo-experiments using the profiled values for nuisance parameters) and the CLs is built

Note: µSΜ and µJP profiled independently 
(ie no assumptions on production rates)
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3. Statistical method

The analyses described in this Letter rely on discrim-
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conditional probabilities over binned distributions of the
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Discriminating variable: polar angle of the photons with respect 
to the z-axis of the Collins-Soper frame (minimize effect of ISR)

Before acceptance requirements:
- spin 0 : isotropic decay
- spin 2 : distribution depends on the qq/gg fractions:

- Background : peaking in the forward-backward direction

- Analysis similar to “rate/mass” analysis but optimized selection: 
- pTγ1>0.35 mγγ and pTγ2>0.25 mγγ
[Minimize mγγ and cosθ* correlations for background]

5 

Hγγ Analysis 

Higgs Couplings 2013. Freiburg 14-16 October 2013.                                                     Yesenia Hernández  

• Landau-Yang theorem forbids the decay of spin-1 particle into a 
pair of photons  Test spin-0 vs spin-2 
 

• Discriminant: polar angle ϴ* of the photons with respect to the 
z-axis of the Collins-Soper frame 
 

      Spin-0                      is uniform 
      Spin-2  depends on qq contribution  
           100% gg   
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Fit assuming 0+ Fit assuming 2+ (100% gg)

Data differ slightly, owing to the background being determined separately for each spin hypothesis

Background subtracted distributions
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Table 4: Summary of results for the various fractions fqq̄ of the qq̄ production of the spin-2 particle for the H! �� (top), H ! ZZ⇤ (middle), and
H ! WW⇤ (bottom) channels. The expected p0-values for rejecting the JP = 0+ and JP = 2+ hypotheses (assuming the alternative hypothesis) are
shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while the CLsvalues for excluding the JP = 2+
hypothesis are given in the last column.

H! ��

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.148 0.135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054
0% 0.012 0.005 0.588 0.003 0.007

H ! ZZ⇤

fqq̄
2+ assumed assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.102 0.082 0.962 0.001 0.026
75% 0.117 0.099 0.923 0.003 0.039
50% 0.129 0.113 0.943 0.002 0.035
25% 0.125 0.107 0.944 0.002 0.036
0% 0.099 0.092 0.532 0.079 0.169

H ! WW⇤

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.013 3.6 · 10�4 0.541 1.7 · 10�4 3.6 · 10�4

75% 0.028 0.003 0.586 0.001 0.003
50% 0.042 0.009 0.616 0.003 0.008
25% 0.048 0.019 0.622 0.008 0.020
0% 0.086 0.054 0.731 0.013 0.048

Table 5: 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 tabulated for the combination of the H! ��, H ! ZZ⇤ and H ! WW⇤ channels. The CLs values for excluding the
JP = 2+ hypothesis are given in the last column.

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 3.0 · 10�3 8.8 · 10�5 0.81 1.6 · 10�6 0.8 · 10�5

75% 9.5 · 10�3 8.8 · 10�4 0.81 3.2 · 10�5 1.7 · 10�4

50% 1.3 · 10�2 2.7 · 10�3 0.84 8.6 · 10�5 5.3 · 10�4

25% 6.4 · 10�3 2.1 · 10�3 0.80 0.9 · 10�4 4.6 · 10�4

0% 2.1 · 10�3 5.5 · 10�4 0.63 1.5 · 10�4 4.2 · 10�4

15

87.6%
66.3%
74.0%
94.6%
99.3%

The 2+ hypothesis is disfavored with respect to the 0+ hypothesis. 
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For 115 GeV < m4l < 130 GeV
43 candidate events

16 background events
18 SM Higgs boson events expected

Ideal channel for spin/CP studies
- Complete reconstruction of the event topology
- Clean (S/B ~1 to 2 depending on final state)
- Several observable depending on spin/CP available

Split signal region [in GeV] → 6% sensitivity improvement:
- High S/B [121,127]

- Low S/B (115,121) ∪ (127,130) 

Two approaches:
- Train BDT separately for each hypothesis

- Use ME corrected for acceptance and pairing effects
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97.4%
96.1%
96.5%
96.4%
83.1%

Table 1: Summary of results for the 0+ versus 0� test in the H ! ZZ⇤ channel. The expected p0-values for rejecting the 0+ and 0� hypotheses
(assuming the alternative hypothesis) are shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while
the CLs value for excluding the 0� hypothesis is given in the last column.

Channel 0� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 0�) CLs(JP = 0�)
Exp. p0(JP = 0+) Exp. p0(JP = 0�)

H ! ZZ⇤ 1.5 · 10�3 3.7 · 10�3 0.31 0.015 0.022

Table 2: Summary of results for the JP = 0+ versus 1+ test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1+ hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1+ hypothesis are given in the last column.

Channel 1+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1+) CLs(JP = 1+)
Exp. p0(JP = 0+) Exp. p0(JP = 1+)

H ! ZZ⇤ 4.6 · 10�3 1.6 · 10�3 0.55 1.0 · 10�3 2.0 · 10�3

H ! WW⇤ 0.11 0.08 0.70 0.02 0.08
Combination 2.7 · 10�3 4.7 · 10�4 0.62 1.2 · 10�4 3.0 · 10�4

Table 3: Summary of results for the JP = 0+ versus 1� test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1� hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1� hypothesis are given in the last column.

Channel 1� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1�) CLs(JP = 1�)
Exp. p0(JP = 0+) Exp. p0(JP = 1�)

H ! ZZ⇤ 0.9 · 10�3 3.8 · 10�3 0.15 0.051 0.060
H ! WW⇤ 0.06 0.02 0.66 0.006 0.017

Combination 1.4 · 10�3 3.6 · 10�4 0.33 1.8 · 10�3 2.7 · 10�3

14
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Table 4: Summary of results for the various fractions fqq̄ of the qq̄ production of the spin-2 particle for the H! �� (top), H ! ZZ⇤ (middle), and
H ! WW⇤ (bottom) channels. The expected p0-values for rejecting the JP = 0+ and JP = 2+ hypotheses (assuming the alternative hypothesis) are
shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while the CLsvalues for excluding the JP = 2+
hypothesis are given in the last column.

H! ��

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.148 0.135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054
0% 0.012 0.005 0.588 0.003 0.007

H ! ZZ⇤

fqq̄
2+ assumed assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.102 0.082 0.962 0.001 0.026
75% 0.117 0.099 0.923 0.003 0.039
50% 0.129 0.113 0.943 0.002 0.035
25% 0.125 0.107 0.944 0.002 0.036
0% 0.099 0.092 0.532 0.079 0.169

H ! WW⇤

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.013 3.6 · 10�4 0.541 1.7 · 10�4 3.6 · 10�4

75% 0.028 0.003 0.586 0.001 0.003
50% 0.042 0.009 0.616 0.003 0.008
25% 0.048 0.019 0.622 0.008 0.020
0% 0.086 0.054 0.731 0.013 0.048

Table 5: 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 tabulated for the combination of the H! ��, H ! ZZ⇤ and H ! WW⇤ channels. The CLs values for excluding the
JP = 2+ hypothesis are given in the last column.

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 3.0 · 10�3 8.8 · 10�5 0.81 1.6 · 10�6 0.8 · 10�5

75% 9.5 · 10�3 8.8 · 10�4 0.81 3.2 · 10�5 1.7 · 10�4

50% 1.3 · 10�2 2.7 · 10�3 0.84 8.6 · 10�5 5.3 · 10�4

25% 6.4 · 10�3 2.1 · 10�3 0.80 0.9 · 10�4 4.6 · 10�4

0% 2.1 · 10�3 5.5 · 10�4 0.63 1.5 · 10�4 4.2 · 10�4

15

97.8%

94.0%

99.8%

Main Systematic:
- High S/B vs Low S/B regions normalization (~10%) 
owing to the uncertainty on mH

All alternative hypotheses 
are disfavored with respect 

to the 0+ hypothesis. 
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- Restricted to “different flavour” (eµ) events and no jets
- pTl1>25 GeV and pTl2>15 GeV
- pTj>25 GeV for |η|<2.5 (pTj>30 GeV for 2.5<|η|<4.5)

- Rate analysis already exploits spin-0 nature of SM Higgs boson
- Relax spin-sensitive requirements 
(allow spin study while keeping backgrounds under control)
- ETMissRel > 20 GeV
- mll < 80 GeV
- pTll > 20 GeV
- Δφll < 2.8 

- mll, Δφll, pTll, mT sensitive to spin
- Two BDT classifiers are used:
     - BDT0+: SM Higgs signal against the sum of all backgrounds
     - BDTJP: JP signal against the sum of all backgrounds
     - Perform 2D-fit in (BDT0+,BDTJP)
- pT spectrum uncertainties found to have small effect

BDT0+

BDTJP

Background

JP 0+
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After full selection
3615 candidate events
3300 exp. background

170 exp. SM Higgs boson 
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Visualization of the results in the post-fit background-subtracted plots
Data more consistent with spin-0 with respect to spin-2

The (BDT0,BDTJP) distribution is remapped into an 1D 
distribution by ordering the bins by increasing expected signal. 

Empty bins (expected content <0.1) are removed.

BDT0+

BDTJP

Background

JP 0+

Data described better by spin-0 with respect to spin-2 (100% qqbar)
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Table 4: Summary of results for the various fractions fqq̄ of the qq̄ production of the spin-2 particle for the H! �� (top), H ! ZZ⇤ (middle), and
H ! WW⇤ (bottom) channels. The expected p0-values for rejecting the JP = 0+ and JP = 2+ hypotheses (assuming the alternative hypothesis) are
shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while the CLsvalues for excluding the JP = 2+
hypothesis are given in the last column.

H! ��

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.148 0.135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054
0% 0.012 0.005 0.588 0.003 0.007

H ! ZZ⇤

fqq̄
2+ assumed assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
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75% 0.117 0.099 0.923 0.003 0.039
50% 0.129 0.113 0.943 0.002 0.035
25% 0.125 0.107 0.944 0.002 0.036
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Table 5: 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 tabulated for the combination of the H! ��, H ! ZZ⇤ and H ! WW⇤ channels. The CLs values for excluding the
JP = 2+ hypothesis are given in the last column.

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
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Table 1: Summary of results for the 0+ versus 0� test in the H ! ZZ⇤ channel. The expected p0-values for rejecting the 0+ and 0� hypotheses
(assuming the alternative hypothesis) are shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while
the CLs value for excluding the 0� hypothesis is given in the last column.

Channel 0� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 0�) CLs(JP = 0�)
Exp. p0(JP = 0+) Exp. p0(JP = 0�)

H ! ZZ⇤ 1.5 · 10�3 3.7 · 10�3 0.31 0.015 0.022

Table 2: Summary of results for the JP = 0+ versus 1+ test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1+ hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1+ hypothesis are given in the last column.

Channel 1+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1+) CLs(JP = 1+)
Exp. p0(JP = 0+) Exp. p0(JP = 1+)

H ! ZZ⇤ 4.6 · 10�3 1.6 · 10�3 0.55 1.0 · 10�3 2.0 · 10�3

H ! WW⇤ 0.11 0.08 0.70 0.02 0.08
Combination 2.7 · 10�3 4.7 · 10�4 0.62 1.2 · 10�4 3.0 · 10�4

Table 3: Summary of results for the JP = 0+ versus 1� test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1� hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1� hypothesis are given in the last column.

Channel 1� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1�) CLs(JP = 1�)
Exp. p0(JP = 0+) Exp. p0(JP = 1�)

H ! ZZ⇤ 0.9 · 10�3 3.8 · 10�3 0.15 0.051 0.060
H ! WW⇤ 0.06 0.02 0.66 0.006 0.017

Combination 1.4 · 10�3 3.6 · 10�4 0.33 1.8 · 10�3 2.7 · 10�3
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>99.9%
99.7%
99.2%
98.0%
95.2%

92%

98.3%

All alternative hypotheses are disfavored with respect to the 0+ hypothesis. 
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A note on systematic uncertainties: 
- e/µ reconstruction,identification and trigger efficiencies and energy/momentum 
resolution uncertainties correlated between H→ZZ∗→4l and H→WW∗→lvlv
- e/γ energy scale correlated across all channels 
- effect of mass measurement uncertainty negligible
- overall impact (by comparing results w/ and w/o profiling) estimated to be <0.3σ
- Higgs boson pT spectrum small effect <0.1σ
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Combination: The case of 0+ vs 2+
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>99.9%
for all fqq

99.7%97.8% >99.9%
0+ vs 0- 0+ vs 1+ 0+ vs 1- 0+ vs 2+

All alternative hypotheses are strongly disfavored with respect to the 0+ hypothesis. 
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- loop induced → sensitive to new physics
- small BR; S/B~0.01
- signature: same-flavour opposite-charge 
isolated leptons + photon
- mH=125 GeV: 

95% CL upper limit 18.5 (13.5) x SM

- probe directly the coupling to muons
- small BR; S/B ~ 0.002
- select two opposite-charge muons (pT>25,15 GeV, pTµµ>15 GeV) 
- backgrounds: Z/γ*→µµ, top, dibosons
- mH=125 GeV: 95% CL upper limit 9.8 (8.2) x SM

Δm = mllγ - mll

mµµ
more channels being looked at: 

ttH, with H→bb, H→γγ, 
VBF H→bb, etc

H→Zγ 

H→µµ 



Expected SM Backgrounds Observed

7 TeV/4.7 fb-1 32.7 ± 1.0 (stat) ± 2.6 (syst) 27

8 TeV/13.0 fb-1 78.0 ± 2.0 (stat) ± 6.5 (syst) 71
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“Invisible” Higgs boson decays
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“Invisible” decays are suppressed in SM → Observation would be direct indication of New Physics!

• Signature : Z→ee/µµ + large MET
• Main Backgrounds: ZZ→llvv, WZ→lvll, WW→lvlv
• Require MET > 90 GeV and optimize selection for ZH-like events

95% CL Upper Limit on the BR(H→invisible) for mH=125 GeV:
is <65% with <84% expected
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The landscape in the next decade(s)The landscape in the next decade(s)

Run-1

Run-2

LS1=Now

LS2

LS3

“HL-LHC”



H→ZZ→4l
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Prospects for Run II/III and HL-LHC
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Several open topics in the Higgs sector for future studies:
- Rare decays & Couplings - CP studies

- BSM Higgs boson searches  - Higgs boson pair production

ATL-PHYS-PUB-2013-014

ATL-PHYS-PUB-2013-013

ATL-PHYS-PUB-2013-014

g1 CP-even HZZ coupling
g2 CP-even HZZ coupling (loops)
g4 CP-odd HZZ coupling

H→ZZ→4l

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-013
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-013
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
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Convinced, beyond reasonable doubt, of the observation of a boson with mH~125.5 GeV
Production rates in channels involving vector bosons in good agreement with Standard Model expectation.

µ = 1.33+0.21-0.18 and µVBF+VH/µggF+ttH = 1.4+0.7-0.5
[3.3σ evidence for VBF Higgs boson production, >5σ (indirect) evidence for Higgs coupling to fermions]

Searches for rare/anomalous decays and differential cross-sections have begun to appear

Spin studies strongly disfavor the 
hypothesis of non 0+ pure state

- 0- rejected at 97.8% CL
- 1+/1- rejected at >99.9% (99.7%) CL
- 2+ rejected at >99.9% CL for all fqq 

The new particle is a SM-like Higgs boson
No the end of the story... just a new window to understand Nature!

Is it the only Higgs boson?  Do its properties deviate from the SM predictions? 
At which level? Does it couple to dark matter? 

LHC Run II/III and HL-LHC could provide answers to some of these questions

Summary
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⇒ Very important to ensure high data-taking efficiency/quality
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A Toroidal LHC ApparatuS (2011)
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⇒ General purpose detector designed for the harsh LHC environment

ATLAS

Magnets 2T solenoid, 3 air-core 
toroids

Tracking silicon + transition 
radiation tracker

EM Calorimetry sampling LAr technology

Hadron 
Calorimetry

plastic scintillator (barrel) 
LAr technology (endcap)

Muon independent system
with trigger capabilities

Trigger 3 Level Implementation 
from 40 MHz to 400 Hz
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High Energy Physics Particle detectors
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Stable photon reconstruction vs pile-up (within 1%)

• Excellent stability of the EM calorimeter response!
• Studied with Z,J/ψ→ee and W→eν events
• Energy scale at mZ known to ~0.3%
• Uniformity ~1% (2.5% for 1.37< |η|<1.8)



Jet PT scale uncertainty

Identifying τ-leptons & Tagging b-jets

• Jets + tracks used to form τhad candidates

➡ energy from MC

➡ energy scale from isolated hadron data

• Analyses presented here use 60% 

working point - selects 60% of τhad

• selects few% of QCD jets and <1% of 

electrons 

• Exploit multivariant techniques to identify b-jets and hadronically decaying τ-leptons

b-jet tagging
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Figure 1: Light-jet rejection (left) and c-jet rejection (right) as a function of the b-tag efficiency for the
b-tagging algorithms calibrated in this note, based on simulated tt̄ events.

40 GeV, 40 GeV ≤ pT < 50 GeV, 50 GeV ≤ pT < 60 GeV, 60 GeV ≤ pT < 75 GeV, 75 GeV ≤ pT <
90 GeV, 90 GeV≤ pT < 110 GeV, 110 GeV≤ pT < 140 GeV and 140 GeV ≤ pT < 200 GeV, while the
! bins are 0≤ |! |< 0.6, 0.6 ≤ |! | < 1.2, 1.2 ≤ |! |< 1.8 and 1.8 ≤ |! |< 2.5. The data-to-simulation
scale factors do not show a strong dependence in either jet pT or |! |, and the final results only include
the subdivision in jet pT.

2 Data and Simulation Samples, Object Selection
The data sample used in the analyses corresponds to approximately 5 fb−1 of 7 TeV proton-proton
collision data collected by the ATLAS experiment during 2011. Events were collected with triggers
that require a muon reconstructed from hits in the muon spectrometer that is spatially matched to a
calorimeter jet. In each jet pT bin of the analyses, the muon-jet trigger with the lowest jet threshold that
has reached the efficiency plateau is used. In the lower pT region (up to 60 GeV in the prelT analysis
and up to 75 GeV in the system8 analysis) events with at least one jet with ET > 10 GeV at the last
trigger level are used. Starting from 60 GeV (75 GeV) the prelT (system8) analysis uses events with at
least one jet with ET > 10 GeV at the first trigger level. In the region between 110 and 200 GeV, the
system8 analysis uses events with at least one jet ET > 20 or 30 GeV at the first trigger level. Each of the
muon-jet triggers is collecting data at a fixed rate slightly below 1 Hz, meaning that the low jet threshold
triggers are heavily prescaled.

The key objects for b-tagging are the reconstructed primary vertex, the calorimeter jets and tracks
reconstructed in the inner detector. The tracks are associated with the calorimeter jets with a spatial
matching in "R(jet, track) [4]. The track-selection criteria depend on the b-tagging algorithm, and are
detailed in [2, 5]. Jets are reconstructed from topological clusters [6] of energy in the calorimeter us-
ing the anti-kt algorithm with a distance parameter of 0.4 [7–9]. The jet reconstruction is done at the
electromagnetic scale and then a scale factor is applied in order to obtain the jet energy at the hadronic
scale. The jet energy is further corrected for the energy of the muon and the average energy of the corre-
sponding neutrino in simulated events, to arrive at the jet energy scale of an inclusive b-jet sample. The
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Number of reconstructed vertices in event

W→µv candidate

Excellent understanding of the detector performance!



τh identification 

5 Moriond EW, March 2013 Valentina Dutta, MIT 

π± ρ±→π±π0 

a1→π±π0π0 
a1→π±π∓π± 

Identification: 
 Reconstructed based on decay modes: charged 

hadrons + ECAL deposits 

Isolation: 
 Multivariate isolation using relative ΣpT of particle-

flow candidates in concentric rings around τ 

Real τh Fake τh 

New in 2012 

ΣpT(charged hadrons)/pT(τ) vs. ΔR 
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cτ = 492 µm

The τ-lepton is special!
Mass of 1.78 GeV and cτ = 87.1 µm, 
the only lepton that decays in our 

detector, in various ways...

  7M.Bachtis (U. Wisconsin)

Tau Identification
Decay mode based Tau ID used

 Combines Particle Flow 
candidates 

Builds individual decay modes 

 Accounts for conversions 
 strip of EM objects

Energy measured only by the 
tau constituents

Well commissioned in data

Fake rates in di-jets 

Fake rates in W + jets and 
inclusive muon sample

Data driven efficiency 
measurement  on sample of 
real taus

 

hadron hadron+strip 3 hadrons

Cut based,
“Loose”

τ → lvv ~35%
τ → hadrons ~ 65%

3.1 HPS Algorithm 3

Table 1: Branching fractions of the dominant hadronic decays of the t lepton and the sym-
bol and mass of any intermediate resonance [9]. The h stands for both p and K, but in this
analysis the p mass is assigned to all charged particles. The table is symmetric under charge
conjugation.

Decay mode Resonance Mass (MeV/c2) Branching fraction (%)
t

� ! h�n

t

11.6%
t

� ! h�p

0
n

t

r

� 770 26.0%
t

� ! h�p

0
p

0
n

t

a�1 1200 9.5%
t

� ! h�h+h�n

t

a�1 1200 9.8%
t

� ! h�h+h�p

0
n

t

4.8%

3.1 HPS Algorithm

The HPS algorithm gives special attention to photon conversions in the CMS tracker material.
The bending of electron/positron tracks in the magnetic field of the CMS solenoid broadens
the calorimeter signatures of neutral pions in the azimuthal direction. This effect is taken into
account in the HPS algorithm by reconstructing photons in “strips”, objects that are built out of
electromagnetic particles (PF photons and electrons). The strip reconstruction starts by center-
ing a strip on the most energetic electromagnetic particle within the PF jet. The algorithm then
searches for other electromagnetic particles within a window of size Dh = 0.05 and Df = 0.20
centered on the strip center. If other electromagnetic particles are found within that window,
the most energetic one gets associated with the strip and the strip four-momentum is recalcu-
lated. The procedure is repeated until no further particles are found that can be associated with
the strip. Strips satisfying a minimum transverse momentum requirement of pstrip

T > 1 GeV/c
are finally combined with the charged hadrons to reconstruct individual th decay modes.

The decay topologies that are considered by the HPS tau identification algorithm are

1. Single hadron corresponds to h�n

t

and h�p

0
n

t

decays in which the neutral pions have too
little energy to be reconstructed as strips.

2. One hadron + one strip reconstructs the decay mode h�p

0
n

t

in events in which the photons
from p

0 decay are close together on the calorimeter surface.

3. One hadron + two strips corresponds to the decay mode h�p

0
n

t

in events in which photons
from p

0 decays are well separated.

4. Three hadrons corresponds to the decay mode h�h+h�n

t

. The three charged hadrons are
required to come from the same secondary vertex.

There are no separate decay topologies for the h�p

0
p

0 and h�h+h�p

0
n

t

decay modes. They
are reconstructed via the existing topologies. All charged hadrons and strips are required to
be contained within a cone of size DR = (2.8 GeV/c)/pth

T , where pth
T is the transverse mo-

mentum of the reconstructed th. The reconstructed tau momentum ~pth is required to match
the (h, f) direction of the original PF jet within a maximum distance of DR = 0.1, where
DR =

p
(Dh)2 + (Df)2.

The four-momenta of charged hadrons and strips are reconstructed according to the respective
th decay topology hypothesis, assuming all charged hadrons to be pions, and are required
to be consistent with the masses of the intermediate meson resonances listed in Table 1. The
following invariant mass windows are allowed for candidates: 50 – 200 MeV/c2 for p

0, 0.3 –

dominant hadronic decay modes
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• Excellent stability of the EM calorimeter response!
• Studied with Z,J/ψ→ee and W→eν events
• Energy scale at mZ known to ~0.3%
• Uniformity ~1% (2.5% for 1.37< |η|<1.8)

• Resolution of inclusive sample ~1.6 GeV
• ~90% of events within ±2σ

• Mass resolution immune to pile-up

m2γγ=2Ε1Ε2(1-cosα)



K. Nikolopoulos November 18th, 2013Higgs boson physics with ATLAS

Η→γγ: mγγ resolution

67

m2γγ=2Ε1Ε2(1-cosα)• LHC beam spot σz~5-6 cm and O(20) vertices → identify “primary” vertex challenging
Use the strengths of the detector!
• Build likelihood to identify the primary vertex using
• longitudinal/lateral segmentation of EM calorimeter (photon pointing) → σz~1.5 cm 
• use beam-spot constraint/converted photon tracks
• reconstructed vertex Σ(pT)2

• Recently a Neural Network has ben employed (including also the Σ(pΤ), Δφ between 
the direction of the tracks and the di-photon system)
• pile-up robust 
• contribution of angular term to mγγ resolution negligible
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8 TeV (90% signal window)

Signal Model
Crystal-Ball + Broad Gaussian
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BDT: mjj, ηj1, ηj2, ∆ηjj, pTt, ∆φγγ;jj, η*=ηγγ −(ηj1+ηj2)/2 ∆Rminγj  
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• Best-fit value for mH =126.8 GeV: µ=1.65+0.34-0.30

• 2.3σ deviation from the Standard Model

Signal strength (µ) = (signal rate from data) / (expected SM signal rate at mH)

Fiducial cross-section defined for the kinematic range 
Eγ1T> 40 GeV, Eγ2T> 30 GeV, |ηγ| < 2.37, measured 

using 20.7 fb−1 of data at √s = 8 TeV, is 
56.2 ± 10.5(stat) ± 6.5(syst) ± 2.0(lumi) fb.
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ATLAS-CONF-2013-072

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-072/fig_05a.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-072/fig_05a.png
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Background-dominated Control Region
[Remove isolation/impact parameter requirements 

on sub-leading di-lepton and normalize to data-
driven estimates] 

Normalization/shape of reducible 
backgrounds well described
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The couplings of the Higgs boson are probed by further categorizing the observed events.
• VBF-like events : Events with at least two jets in VBF topology
• VH-like events : Events with additional leptons in the final state
• ggF-like events: All remaining events
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Table 2: Selection listing for 8 TeV data. The criteria specific to eµ+ µe and ee+ µµ are noted as such;

otherwise, they apply to both. Pre-selection applies to all Njet modes. The rapidity gap is the y range

spanned by the two leading jets. The m!! split is at 30GeV. The modifications for the 7 TeV analysis

are given in Section 6 and are not listed here. Energies, masses, and momenta are in units of GeV.

Category Njet = 0 Njet = 1 Njet ≥ 2

Pre-selection

Two isolated leptons (!= e, µ) with opposite charge
Leptons with pleadT > 25 and p

sublead
T > 15

eµ+ µe: m!! > 10
ee+ µµ: m!! > 12, |m!! − mZ |> 15

Missing transverse
momentum and
hadronic recoil

eµ+ µe: Emiss
T,rel
> 25 eµ+ µe: Emiss

T,rel
> 25 eµ+ µe: EmissT > 20

ee+ µµ: Emiss
T,rel
> 45 ee+ µµ: Emiss

T,rel
> 45 ee+ µµ: EmissT > 45

ee+ µµ: pmiss
T,rel
> 45 ee+ µµ: pmiss

T,rel
> 45 ee+ µµ: EmissT,STVF > 35

ee+ µµ: frecoil < 0.05 ee+ µµ: frecoil < 0.2 -

General selection
- Nb-jet = 0 Nb-jet = 0
|∆φ!!,MET |> π/2 - ptotT < 45
p!!T > 30 eµ+ µe: Z/γ∗ →ττ veto eµ+ µe: Z/γ∗→ ττ veto

VBF topology

- - mj j > 500
- - |∆y j j |> 2.8
- - No jets (pT > 20) in rapidity gap
- - Require both ! in rapidity gap

H→WW (∗)→ !ν!ν

topology

m!! < 50 m!! < 50 m!! < 60
|∆φ!! |< 1.8 |∆φ!! |< 1.8 |∆φ!! |< 1.8
eµ+ µe: split m!! eµ+ µe: split m!! -
Fit mT Fit mT Fit mT

to the selection on the variable of interest is discussed below.

The m!! distribution for Njet ≤ 1 is shown in Fig. 3. The signal-to-background (S/B) ratio in
this distribution is varying, so the sample is further subdivided for signal extraction (Section 7.2) at

m!! = 30GeV for Njet ≤ 1 in the eµ+ µe channels. The split is not made for the corresponding ee+ µµ
channels.

The transverse mass mT distribution is used to measure the signal strength. It is defined as

mT = ((E
!!
T
+ Emiss

T
)2 − |p!!

T
+Emiss

T
|2)1/2 with E!!

T
= (|p!!

T
|2 +m2

!!
)1/2. The statistical treatment is de-

scribed later in Section 7. Figure 4 shows the expected signal and the composition of the expected

background for the different Njet analyses and decay channels. The details of the normalisation of the

background events are discussed in the next section. The highest S/B is in a region of mT around

mH: 0.75mH <mT <mH for Njet ≤ 1 and mT < 1.2mH for Njet ≥ 2. To illustrate the relative size of the
signal, the expected S/B in the above-mentioned mT range is 0.14, 0.15, and 0.31 for Njet = 0, = 1, and

≥ 2, respectively, for the combined eµ+ µe+ ee+ µµ channels.

4 Background estimation

The processes producing two isolated high-pT leptons with high values of E
miss
T
areWW and top quark

production. In this note, top background refers to the combined tt̄ and single top (tW, tb, and tqb)

processes unless stated otherwise the latter is noted as t in the tables. These backgrounds, as well as

9
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mjj = 1.5 TeV, |Δyjj| = 6.6, mll = 21 GeV, mT = 95 GeV
pTe= 51 GeV, pTµ=15 GeV pTjets= 68,33 GeV, MET=33 GeV
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• Local significance at mH=140GeV is 4.1σ 

• Local significance at mH=125GeV is 3.8σ
• Rate with respect to SM: 1.01 ± 0.31 @ mH=125 GeV
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mH = 125.5 ± 0.2 (stat)+0.5-0.6 (syst) GeV mH = 125.7 ± 0.3 (stat) ± 0.3 (syst) GeV

Using the high resolution channels only
The ATLAS and CMS mass combinations are in good agreement
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5.2 Selection

This sensitivity study follows the assumptions made in the common H ! �� projections for 300 fb�1

of LHC data, and 3000 fb�1 of HL-LHC. The degradation of the photon identification e�ciency and
rejection are applied simply by appropriate scalings of the signal and background samples, as described
in Section 3 and shown in Table 3. The selection follows the recent analysis of di↵erential cross sections
in H ! �� [14]. Two isolated photons fulfilling the “tight” particle identification criterion are selected
and required to be within the the detector acceptance of |⌘| < 2.37 and the leading (subleading) photon
must have p�T/m

�� > 0.35 (0.25). The diphoton invariant mass is constructed from these photons.
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(c) Mass shift for 200 ⇥ �SM and pH
T < 30 GeV
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(d) Mass shift for 200 ⇥ �SM and pH
T � 30 GeV

Figure 11: The mass distributions for the low- and high-pH
T regions for 1 ⇥ �SM and 200 ⇥ �SM after

background subtraction are illustrated: the data points correspond to a randomized sample of 3000 fb�1,
the green dashed line corresponds to the BW without any interference, the magenta line shows the inter-
ference correction, and the solid yellow line the summed signal and interference contribution. The red
curve is a fit with a Gaussian signal PDF to illustrate the apparent mass shift.

5.3 Systematic uncertainties

This measurement benefits from extremely small systematic uncertainties as most of them, such as the
dominant photon energy scale (PES) uncertainty, are correlated between the subsets and hence cancel
to a very large degree when taking the mass di↵erence. In the low-pH

T sample, the leading and trailing
photons balance, so their momenta are fairly similar. At high-pH

T , the leading photon tends to be of

15

the order of 10 GeV more-boosted than at low-pH
T , while the subleading photon is about 10 GeV less-

boosted. As slightly di↵erent photon pT regions are probed, non-linearities in the calorimeter response
could in principle introduce some further decorrelation between the systematic uncertainties of both
pT regions. The impact of such a decorrelation on the limit projection is studied, by introduction an
additional photon energy scale (PES) uncertainty, with a magnitude of 20% of the total PES systematics.
The background modeling uncertainty (aka spurious signal) is also taken as fully uncorrelated between
the two subsets. The total systematic uncertainty on the mass di↵erence is estimated to be less than
100 MeV, which is significantly smaller than the statistical uncertainty. This analysis will benefit from
the high statistics available at HL-LHC.

5.4 Projected limits

Next-to-leading order theoretical predictions that account for the interference are used for the mass line
shape at nine widths ranging from 1 ⇥ �SM to 1000 ⇥ �SM. These predictions are folded with the AT-
LAS Run I m�� resolution model determined separately for the low- and high-pH

T samples, to derive the
expected shifts in the apparent mass. Figure 11 shows how the mass distribution changes due to the
inference for the the low and high-pH

T regions for the 1 ⇥ �SM and 200 ⇥ �SM after background sub-
traction. Pseudo-data are then produced by folding a Breit-Wigner of the appropriate width with the
resolution model, and then applying the shifts described above. For values of �/�SM which lie between
the nine widths for which a theoretical prediction is available, the predicted shift due to interference is
extrapolated between existing points. The background shapes are taken from Run I data.
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Figure 12: Projected 95% upper limits on the Higgs boson width, at 300 fb�1 and 3000 fb�1. The dashed
red line depicts the expected shift between the low- and high-pT samples as a function of the true width.
The black dashed line at �mH = �54.4 MeV is the expected shift for the SM width. The light/dark
shaded region denotes allowed 95% one-sided Neyman confidence belt determined via Asimov data sets
taking into account statistical (light) or statistical and systematic (dark) uncertainties. The intercepts
between the SM value and the blue curves are the expected upper limits on the width, assuming a SM
Higgs boson.

These data are used to derive 95% CL upper limits on the Higgs boson width, as shown in Fig. 12.
If the Higgs boson has SM width, an expected limit may be set at 220 ⇥ �SM ⇡ 880 MeV with 300 fb�1

of data, or 40⇥ �SM ⇡ 160 MeV with 3000 fb�1. Introducing an additional uncorrelated PES component
to account for unexpected non-linearity e↵ects, reduce the expected sensitivity to 230⇥ �SM ⇡ 920 MeV
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FIG. 1: Sample signal (left) and background gg → ZZ (right)
diagrams for the process pp → ZZ → 4l. The two amplitudes
can interfere.

boson width can be obtained from the observed number
of ZZ events at the LHC above the Higgs boson mass
peak in the pp → ZZ process. Interestingly, this can al-
ready be done with the current data. The main reason
for that is an enhanced contribution to the Higgs signal
from invariant masses above the ZZ threshold, as was
first pointed out in Ref. [12]. Interestingly, useful lim-
its on the Higgs width can already be derived with the
current data. To show how this works, we recall how
Eq.(1) is obtained. We focus on the H → ZZ → eeµµ
final state and write the production cross-section as a
function of the invariant mass of four leptons M4l

dσpp→H→ZZ

dM2
4l

∼
g2Hggg

2
HZZ

(M2
4l −m2

H)2 +m2
HΓ2

H

. (2)

The total cross-section receives the dominant contri-
bution from the resonant region M2

4l − m2
H ∼ mHΓH ,

where integral of Eq.(2) gives Eq.(1). However, the to-
tal cross-section also receives off-peak contributions from
larger or smaller invariant masses, where Eq.(2) is still
proportional to squares of Hgg and HZZ couplings but
it is independent of ΓH .
Suppose now that in Eq.(2), the product of coupling

constants cgZ = g2Hggg
2
HZZ and the width ΓH are scaled

by a common factor ξ and that this factor is still suf-
ficiently small to make the narrow width approxima-
tion applicable. Under this circumstance, the reso-
nance contribution remains unchanged and is given by
Eq.(1), while the off-shell contribution from the region
M2

4l $ m2
H increases linearly with ξ and can, therefore,

be bounded from above by the total number of events ob-
served in pp → ZZ process above the Higgs boson peak
in the ZZ invariant mass spectrum. This is the main
idea behind this paper.
There are two sources of Higgs-related ZZ events off

the peak. One is the off-shell production of the Higgs
boson followed by its decay to ZZ final states. The sec-
ond source of events is the interference between gg →
H → ZZ and gg → ZZ amplitudes, see Fig. 1. The
interference exists, but is numerically irrelevant in the
peak [12, 13] while, as we show below, it significantly
changes the number of expected Higgs-related events off
the peak. We account for both of these effects in the
following discussion. To estimate the number of Higgs
events in gg → H → ZZ, including the interference, we
use the program gg2VV described in Refs. [12, 23].
To calculate the number of Higgs-related events that

are expected off peak, we compute 7 and 8 TeV produc-

Energy σH
peak σH

off σint
off

7 TeV 0.203 0.044 -0.108

8 TeV 0.255 0.061 -0.166

NSM
2e2µ 9.8 1.73 -4.6

NSM
tot 21.1 3.72 -9.91

TABLE I: Fiducial cross-sections for pp → H → ZZ → 2e2µ
in fb, and the corresponding number of events expected for
integrated luminosities L7 = 5.1 fb−1 at 7 TeV and L8 =
19.6 fb−1 at 8 TeV. All cross-sections are computed with
leading order MSTW 2008 parton distribution functions [24].
The renormalization and factorization scales are set to µ =
mH/2. The peak cross-section is defined with the cut M4l <
130 GeV, while off-peak and interference cross-sections are
defined with the cut M4l > 130 GeV. The total number of
events in the last row includes contributions from 4e and 4µ
channels. The number of events is obtained using procedures
outlined in the text.

tion cross-sections for pp → H → ZZ → e+e−µ+µ− at
leading order in perturbative QCD requiring that the in-
variant mass of four leptons is either smaller or larger
than 130 GeV. We refer to the former case as the “on
peak” cross-section and to the latter case as the “off
peak” one .
We employ the CMS selection cuts [6] requiring p⊥,µ >

5 GeV, p⊥,e > 7 GeV, |ηµ| < 2.4, |ηe| < 2.5, Ml
−
l+ >

4 GeV, M4l > 100 GeV. In addition, the transverse mo-
mentum of the hardest (next-to-hardest) lepton should
be larger than 20 (10) GeV, the invariant mass of a pair
of same-flavor leptons closest to the Z-mass should be in
the interval 40 < mll < 120 GeV and the invariant mass
of the other pair should be in the interval 12− 120 GeV.
We also take the Higgs boson mass to be 126 GeV, and
set renormalization and factorization scales to mH/2.
The corresponding cross-sections for the Higgs signal

on and off the peak as well as the interference contribu-
tions to cross-sections are shown in Table I. The num-
ber of 2e2µ events in that Table is computed starting
from the number of on-peak events reported in Table I
of Ref. [6]. According to Table I in [6], the CMS col-
laboration expects 9.8 Higgs-related events in the eeµµ
channel on the peak.1 We estimate the number of Higgs-
related events for M4l > 130 GeV by taking ratios of
cross-sections weighted with luminosity factors. We also
include additional suppression factor due to the fact

1 This number of events is a combination of gg → H (88%), weak
boson fusion (7%) and V H production (5%). Although a detailed
study of the channels besides gg → H is beyond the scope of this
paper, we believe that they will contribute to the number of high-
mass ZZ events in a way that is similar to gg → H → ZZ; for
this reason we decided to keep the number of events in the peak
unchanged when performing numerical estimates.

gg→H→γγ/gg→γγ interference

Caola and Melnikov Phys.Rev. D88 (2013) 054024

gg→H→ZZ→4l/gg→ZZ→4l interference 4

Energy σH
peak σH

off σint
off

7 TeV 0.203 0.036 -0.046

8 TeV 0.255 0.049 -0.10

NSM
2e2µ 9.8 1.39 -2.71

NSM
tot 21.1 2.99 -5.84

TABLE II: Same of Table I, but with the cut M4l > 300 GeV
applied to the off-peak cross-section and interference. See text
for details.

the Higgs boson decay into invisible final states. To this
end, we write

ΓH = Γinv +
∑

i∈vis

Γi, (7)

where the sum extends over all visible channels. We note
that Γi∈vis ∼ g2i , and that ratios g2i g

2
f/ΓH should be equal

to their Standard Model values, to keep all narrow-width
Higgs boson production cross-sections to be the same as
in the Standard Model. Assuming that all Higgs cou-
plings to SM particles differ by identical factors relative
to their Standard Model values, we find that the Higgs
boson width and the branching fraction to invisible final
states satisfy the following constraint

ΓH (1− Brinv)
2 = ΓSM

H . (8)

This constraint translates into an upper limit on Brinv

Brinv = 1−
√

ΓH/ΓSM
H < 0.84. (9)

Can the above analysis be improved? We believe that
there is, most likely, an affirmative answer to this ques-
tion. To show this, we note that an upper bound on the
Higgs width was derived by using the total number of
pp → ZZ events observed in a broad range of four-lepton
invariant masses. However, this may not be an optimal
mass range since the invariant mass distribution of the
four-lepton events produced in the “decays” of the off-
shell Higgs boson is almost flat. To illustrate this point,
we repeat the above analysis but now select events where
the invariant mass of four leptons is larger than 300 GeV.
The corresponding leading order cross-sections are shown
in Table II. By comparing Tables I and II, it is clear that
the off-shell production decreases by a smaller amount
than the interference. The observed number of events
for M4l > 300 GeV is Nobs = 87 and the expected num-
ber of events is estimated to be Nexp = 70.7 without off-
shell Higgs production and the interference [6]. It is not
possible for us to obtain the error estimate for expected
number of events from the CMS paper [6]; we therefore
take δNexp = 10 which is about 15 percent of Nexp. Re-
peating the same analysis as in the case of the full mass
range, we find an improved 95% confidence level limit on

the Higgs boson width

ΓH ≤ 21 ΓSM
H ≈ 88 MeV. (10)

Further refinements should, therefore, include a careful
selection of the invariant mass window and, perhaps, the
use of angular correlations of four lepton momenta to dis-
entangle gg → H → ZZ off-peak events from qq̄ → ZZ
background. Such angular correlations are already used
by the CMS collaboration [6] to improve their measure-
ment in the Higgs peak region; it is probably straightfor-
ward to apply these techniques off the peak as well. We
note that polarization effects may play a more substan-
tial role at high-invariant masses since Z bosons that are
produced in decays of the off-shell Higgs boson are, most
likely, longitudinally polarized.

With increased luminosity, one can expect the error
on the number of ZZ events to be dominated by sys-
tematic uncertainties; we will optimistically assume that
this uncertainty will, eventually, become as small as 3%.
This may require extending existing theoretical compu-
tations for pp → ZZ to NNLO QCD but this appears
to be a realistic target on a few years time-scale; see e.g.
Ref. [28] as an example of recent progress. If such an
error is reached and about half of the background events
are rejected, the 95% confidence level upper limit on the
Higgs boson width ΓH ∼< 5−10 ΓSM

H = 20−40 MeV may,
eventually, be obtained. This appears to be the ultimate
limit of what can be reached with the methods that are
advocated in this paper.

In conclusion, we suggested that the total Higgs bo-
son width can be constrained in a model-independent
way by studying the ZZ events off the Higgs boson
invariant-mass peak. We pointed out that already with
the current data one can put a 95% confidence limit
ΓH ≤ 20−38 ΓSM

H depending on the four-lepton invariant
mass range chosen for the analysis. We also note that if
the interference contribution in Eq.(4) changes sign and
becomes constructive, bounds on the Higgs width become
much stronger, ΓH ≤ 7− 13 ΓSM

H . While we believe that
our estimates are sufficiently accurate, the present study
is crude and ignores the many details of experimental
event selection. We tried to mitigate that by normaliz-
ing our calculations to the number of Higgs boson events
that CMS collaboration expects to observe in the peak.
However, it will be best if experimental collaborations
perform a detailed analysis of ZZ events at high invari-
ant masses and, as suggested in this paper, derive model-
independent constraints on the Higgs boson width.
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Table 1: The basic event selection for the three channels.

Object 0-lepton 1-lepton 2-lepton

Leptons 0 loose leptons 1 tight lepton 1 medium lepton
+ 0 loose leptons + 1 loose lepton

Jets

2 b-tags
pjet1

T > 45 GeV
pjet2

T > 20 GeV
+  1 extra jets

Missing ET
Emiss

T > 120 GeV Emiss
T > 25 Gev Emiss

T < 60 GeV
pmiss

T > 30 GeV
��(Emiss

T
, pmiss

T
) < ⇡/2

min[��(Emiss
T
, jet)] > 1.5

��(Emiss
T
, bb̄) > 2.8

Vector Boson - mW
T < 120 GeV 83 < m`` < 99 GeV

Jets originating from b-quarks are identified using the MV1 b-tagging algorithm [56–60], which
combines information from various algorithms based on track impact-parameter significance or explicit
reconstruction of b-hadron decay vertices. The b-tagging selection criterion used in this analysis results
in a typical e�ciency of 70% for b jets, as measured in simulated tt events, and rejection factors of 5 and
150 against c and light jets, respectively.

In the analysis samples for which two b-tagged jets are required, the powerful rejection of the b-
tagging algorithm renders the size of the Vc, Vl and WW simulated samples insu�cient to provide a
reliable description of the dijet mass shape of these backgrounds. In those cases, therefore, an alternative
procedure is used wherein, instead of tagging the c and l-labeled jets by the MV1 algorithm, parameteri-
sations as functions of pT and ⌘ of their probabilities to be b tagged are used.

The missing transverse momentum Emiss
T

[61] is measured as the negative vector sum of the trans-
verse momenta associated with energy clusters in the calorimeters with |⌘| < 4.9. Corrections are applied
to the energies of clusters associated to reconstructed objects (jets, electrons, ⌧ leptons, and photons),
using the calibrations of those objects. The transverse momenta of reconstructed muons are included,
with the energy deposited by these muons in the calorimeters properly taken into account. In addition,
a track-based missing transverse momentum, pmiss

T
, is calculated as the negative vector sum of the trans-

verse momenta of tracks associated to the primary vertex.
Corrections are applied to the simulation to account for small di↵erences from data for trigger ef-

ficiencies, object reconstruction and identification e�ciencies, as well as object energy and momentum
calibrations and resolutions.

5 Event Selection

The optimisation of the analysis is performed for a Higgs boson mass of 125 GeV. The basic event
selection criteria are summarised in Table 1.

Events containing no loose leptons are assigned to the 0-lepton channel. Events containing one
tight lepton and no additional loose leptons are assigned to the 1-lepton channel. Events containing one
medium lepton and one additional loose lepton of the same flavour and of opposite charge are assigned
to the 2-lepton channel.

Exactly two b-tagged jets are required, with pT > 20 GeV and |⌘| < 2.5, and the leading (highest pT)

4

Table 2: Further topological criteria in pV
T intervals. The 0-lepton channel does not use the lowest two

pV
T intervals.

pV
T [GeV] 0-90 90-120 120-160 160-200 >200

All Channels �R(b, b̄) 0.7-3.4 0.7-3.0 0.7-2.3 0.7-1.8 <1.4

1-lepton Emiss
T [GeV] >25 >50

mW
T [GeV] 40-120 <120

b-tagged jet must have pT > 45 GeV. The dijet system is formed by these two b-tagged jets. There can
be at most one additional jet with pT > 20 GeV and |⌘| < 2.5. In the 0- and 1-lepton channels, events
containing a jet with pT > 30 GeV and |⌘| > 2.5 are discarded to reduce the tt background and, if three
jets are selected, the two b-tagged jets must be the two leading jets.

In the 0-lepton channel, the multijet background is suppressed by imposing requirements on Emiss
T ,

pmiss
T , the azimuthal angle between those (��(Emiss

T
, pmiss

T
)), the azimuthal angle between Emiss

T
and the

nearest jet (min[��(Emiss
T
, jet)]), and the azimuthal angle between Emiss

T
and the dijet system (��(Emiss

T
, bb̄)).

In the 1-lepton channel, requirements are imposed on Emiss
T and on the transverse mass3 mW

T to select
events consistent with the presence of a W boson. The requirement on the maximum value of mW

T
reduces the contamination from the tt background. This background is reduced in the 2-lepton channel
by imposing criteria on the dilepton invariant mass (m``), which must be consistent with the mass of the
Z boson, and on Emiss

T .
Further topological criteria are applied to reject backgrounds and enhance the sensitivity of the

search. These are outlined in Table 2.
The transverse momentum of the vector boson (pV

T) is reconstructed as the Emiss
T in the 0-lepton

channel, the magnitude of the vector sum of the lepton and the Emiss
T

in the 1-lepton channel (pW
T ) and

of the vector sum of the two leptons in the 2-lepton channel (pZ
T). The events are categorised in five

pV
T intervals, with boundaries at 0, 90, 120, 160, and 200 GeV. The Emiss

T triggers are 90% e�cient for
Emiss

T = 120 GeV, and fully e�cient for Emiss
T > 160 GeV. Only the last three intervals are therefore used

in the 0-lepton channel.
The requirements applied on the angular separation between the two jets of the dijet system, �R(b, b̄) =p
��(b, b̄)2 + �⌘(b, b̄)2, depend on the pV

T interval. The criterion on the minimum value reduces the back-
ground from V+jet production, while the criterion on the maximum value, which reduces the background
from tt production, is tightened with increasing pV

T to take advantage of the increasing collimation of the
dijet system. For the same reason, the criterion on the minimum value is removed in the highest pV

T
interval. In the 1-lepton channel, the requirement of a minimum value for mW

T , designed to reject the
multijet background, is removed for events with pW

T > 160 GeV, where this background is negligible,
thus improving the signal acceptance.

These selection criteria define a set of “2-tag signal regions”, categorised in terms of channel (0-, 1-,
or 2-leptons), pV

T interval, and jet multiplicity (2 or 3). A number of “control” regions are also used in
the analysis to constrain the main backgrounds. These control regions are selected in the same way as
the signal regions, except for the following modifications. For the 1-tag control regions, exactly one jet
must be b tagged, and the highest pT non b-tagged jet plays the role of the second b-tagged jet in the
selection. For the 0-tag control region, no jet is b tagged, and the two leading jets play the role of the
b-tagged jets in the selection. In the 1-lepton channel, the 2-tag region with a third jet selected acts also
as a control region because it is largely dominated by tt events. In the 2-lepton channel, two additional

3The transverse mass mW
T is calculated from the transverse momenta and the azimuthal angles of the charged lepton (p`T

and �`) and missing transverse momentum (Emiss
T and �miss): mW

T =
q

2p`TEmiss
T (1 � cos(�` � �miss)).

5
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mH=125 GeV
95% CL exclusion limit 1.4 (1.3) x SM

µ = 0.2 ± 0.5 (stat) ± 0.4 (syst)
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ATLAS-CONF-2012-160

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-160/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-160/
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• Direct probe of Higgs boson coupling to leptons 
• Observable: mττ

• Backgrounds: Z→ττ, diboson, top
• Poor mass resolution (~15%) due to neutrinos
• Separate final states: 
• τ-decays: µe, µµ, eτh, µτh, τhτh 
• jet multiplicities
• τlτl : 2j VBF, Boosted, 2j VH, 1j
• τlτh : 2j VBF, Boosted, 1j, 0j
• τhτh : VBF, Boosted

98

95% CL exclusion limit at mH=125GeV is 1.9(1.2) x SM 
expectation

Local significance at mH=125GeV is 1.1σ (1.7σ)
CMS Local significance at mH=125GeV is 2.85σ (2.62σ)
CMSRate with respect to SM: 1.1 ± 0.4 @ mH=125 GeV
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Table 2: The categorization of the H ! ⌧lep⌧lep analysis. The JVF cut is |JVF| > 0.75 for 7 TeV data,
the lepton centrality is not applied for 7 TeV analysis, and the 0-jet category is not used for 8 TeV data
analysis.

2-jet VBF Boosted 2-jet VH 1-jet
Pre-selection: exactly two leptons with opposite charges

30 GeV < m`` < 75 GeV (30 GeV < m`` < 100 GeV)
for same-flavor (di↵erent-flavor) leptons, and pT,`1 + pT,`2 > 35 GeV

At least one jet with pT > 40 GeV (|JVFjet| > 0.5 if |⌘jet| < 2.4)
Emiss

T > 40 GeV (Emiss
T > 20 GeV) for same-flavor (di↵erent-flavor) leptons

Hmiss
T > 40 GeV for same-flavor leptons

0.1 < x1,2 < 1
0.5 < ��`` < 2.5

pT, j2 > 25 GeV (JVF) excluding 2-jet VBF pT, j2 > 25 GeV (JVF) excluding 2-jet VBF,
Boosted and 2-jet VH

�⌘ j j > 3.0 pT,⌧⌧ > 100 GeV excluding Boosted m⌧⌧ j > 225 GeV
m j j > 400 GeV b-tagged jet veto �⌘ j j < 2.0 b-tagged jet veto

b-tagged jet veto – 30 GeV < m j j < 160 GeV –Lepton centrality and CJV b-tagged jet veto
0-jet (7 TeV only)

Pre-selection: exactly two leptons with opposite charges
Di↵erent-flavor leptons with 30 GeV < m`` < 100 GeV and pT,`1 + pT,`2 > 35 GeV

��`` > 2.5
b-tagged jet veto

9
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Table 3: Event requirements applied in the di↵erent categories of the H ! ⌧lep⌧had analysis. Require-
ments marked with a triangle (.) are categorization requirements, meaning that if an event fails that
requirement it is still considered for the remaining categories. Requirements marked with a bullet (•) are
only applied to events passing all categorization requirements in a category; events failing such require-
ments are discarded.

7 TeV 8 TeV
VBF Category Boosted Category VBF Category Boosted Category
. pT

⌧had-vis >30 GeV – . pT
⌧had-vis >30 GeV . pT

⌧had-vis >30 GeV
. Emiss

T >20 GeV . Emiss
T >20 GeV . Emiss

T >20 GeV . Emiss
T >20 GeV

. � 2 jets . pH
T > 100 GeV . � 2 jets . pH

T > 100 GeV
. pT

j1, pT
j2 > 40 GeV . 0 < x1 < 1 . pT

j1 > 40, pT
j2 >30 GeV . 0 < x1 < 1

. �⌘ j j > 3.0 . 0.2 < x2 < 1.2 . �⌘ j j > 3.0 . 0.2 < x2 < 1.2

. m j j > 500 GeV . Fails VBF . m j j > 500 GeV . Fails VBF

. centrality req. – . centrality req. –

. ⌘ j1 ⇥ ⌘ j2 < 0 – . ⌘ j1 ⇥ ⌘ j2 < 0 –

. pT
Total < 40 GeV – . pT

Total < 30 GeV –
– – . pT

` >26 GeV –
• mT <50 GeV • mT <50 GeV • mT <50 GeV • mT <50 GeV
• �(�R) < 0.8 • �(�R) < 0.8 • �(�R) < 0.8 • �(�R) < 0.8
• P�� < 3.5 • P�� < 1.6 • P�� < 2.8 –
– – • b-tagged jet veto • b-tagged jet veto
1 Jet Category 0 Jet Category 1 Jet Category 0 Jet Category
. � 1 jet, pT >25 GeV . 0 jets pT >25 GeV . � 1 jet, pT >30 GeV . 0 jets pT >30 GeV
. Emiss

T >20 GeV . Emiss
T >20 GeV . Emiss

T >20 GeV . Emiss
T >20 GeV

. Fails VBF, Boosted . Fails Boosted . Fails VBF, Boosted . Fails Boosted
• mT <50 GeV • mT <30 GeV • mT <50 GeV • mT <30 GeV
• �(�R) < 0.6 • �(�R) < 0.5 • �(�R) < 0.6 • �(�R) < 0.5
• P�� < 3.5 • P�� < 3.5 • P�� < 3.5 • P�� < 3.5
– • p`T � p⌧T < 0 – • p`T � p⌧T < 0

12
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background normalisation and data-to-model validation, described in Section 6.3. The analysis of the
7 TeV dataset is instead performed using a single common preselection.

The two dominant backgrounds in this channel are Z/�⇤ ! ⌧⌧ and multi-jet production. The two
signal regions are defined through a series of cuts designed to minimize these backgrounds:

1. VBF: This signal region is designed as a tight selection optimized for the vector boson fusion
Higgs production mode. The selection is common to the 7 TeV and 8 TeV datasets. At least
two tagging jets are required and the leading tagging jet should have pT > 50 GeV. The two
leading tagging jets need to be in opposite hemispheres, ⌘ j1 ⇥ ⌘ j2 < 0 and �⌘ j j > 2.6, and have a
combined invariant mass m j j > 350 GeV. Finally, the two ⌧had candidates need to be in between
the two leading tagging jets in pseudorapidity, and Emiss

T > 20 GeV is required.

2. Boosted: This signal region is intended to accept signal events which are produced mainly by the
gluon fusion Higgs production mode and are boosted by recoiling against an additional high-pT
jet. The category is defined by events failing the VBF selection and having at least one tagging jet
with pT > 70 GeV (8 TeV dataset) or pT > 50 GeV (7 TeV dataset). Furthermore, the separation
of the two ⌧had candidates is required to be �R(⌧1, ⌧2) < 1.9. Finally, there is a requirement
Emiss

T > 20 GeV, and if the Emiss
T vector is not pointing in between the two ⌧had candidates,

min
n

��(Emiss
T , ⌧1),��(Emiss

T , ⌧2)
o

< 0.1⇡ must hold.

Table 4 summarizes the selection criteria for the H ! ⌧had⌧had channel. Across all categories and
production modes the signal acceptance times selection e�ciency ranges from 0.2-0.3% for both the
7 TeV and 8 TeV analyses, for mH = 125 GeV.

Table 4: Summary of the event selection and categories for the H ! ⌧had⌧had channel.
Cut Description

Preselection No muons or electrons in the event
Exactly 2 medium ⌧had candidates matched with the trigger objects
At least 1 of the ⌧had candidates identified as tight
Both ⌧had candidates are from the same primary vertex
Leading ⌧had-vis pT > 40 GeV and sub-leading ⌧had-vis pT > 25 GeV, |⌘| < 2.5
⌧had candidates have opposite charge and 1- or 3-tracks
0.8 < �R(⌧1, ⌧2) < 2.8
�⌘(⌧, ⌧) < 1.5
if Emiss

T vector is not pointing in between the two taus, min
n

��(Emiss
T , ⌧1),��(Emiss

T , ⌧2)
o

< 0.2⇡
VBF At least two tagging jets, j1, j2, leading tagging jet with pT > 50 GeV

⌘ j1 ⇥ ⌘ j2 < 0, �⌘ j j > 2.6 and invariant mass m j j > 350 GeV
min(⌘ j1, ⌘ j2) < ⌘⌧1, ⌘⌧2 < max(⌘ j1, ⌘ j2)
Emiss

T > 20 GeV
Boosted Fails VBF

At least one tagging jet with pT > 70(50) GeV in the 8(7) TeV dataset
�R(⌧1, ⌧2) < 1.9
Emiss

T > 20 GeV
if Emiss

T vector is not pointing in between the two taus, min
n

��(Emiss
T , ⌧1),��(Emiss

T , ⌧2)
o

< 0.1⇡.

6 Background estimation and modelling

The background composition and normalisation are determined using data-driven methods and the sim-
ulated event samples described in Section 2.

13
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• Direct probe of Higgs boson coupling to leptons 
• Observable: mττ

• Backgrounds: Z→ττ, diboson, top
• Poor mass resolution (~15%) due to neutrinos
• Separate final states: 
• τ-decays: µe, µµ, eτh, µτh, τhτh 
• jet multiplicities: 1, 2

µτh candidate
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Local significance at mH=120GeV is 2.93σ (2.65σ)
Local significance at mH=125GeV is 2.85σ (2.62σ)

Consistent picture across different channels
Rate with respect to SM: 1.1 ± 0.4 @ mH=125 GeV
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µτh candidate
mττ = 120.3GeV

PTµ=31.9GeV

PTτh=44.0GeV

PTj=80.5,36.3GeV
mjj = 1.2TeV
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Spin determination of single-produced resonances at hadron colliders

Yanyan Gao,1, 2 Andrei V. Gritsan,1 Zijin Guo,1 Kirill Melnikov,1 Markus Schulze,1 and Nhan V. Tran1

1Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD, USA
2Fermi National Accelerator Laboratory (FNAL), Batavia, IL, USA
(Dated: submitted on January 19, 2010; revised on March 12, 2010)

We study the production of a single resonance at the LHC and its decay into a pair of Z bosons.
We demonstrate how full reconstruction of the final states allows us to determine the spin and
parity of the resonance and restricts its coupling to vector gauge bosons. Full angular analysis is
illustrated with the simulation of the production and decay chain including all spin correlations and
the most general couplings of spin-zero, -one, and -two resonances to Standard Model matter and
gauge fields. We note implications for analysis of a resonance decaying to other final states.

PACS numbers: 12.60.-i, 13.88.+e, 14.80.Bn

I. INTRODUCTION

Physics beyond the Standard Model (SM), to be probed at the LHC [1–3], will manifest itself through observations
of new particles. Such observations are instrumental for establishing the existence of New Physics, though more effort
is required to understand these observations in detail. It will be crucial to determine the quantum numbers of the
new particles, their masses, and their couplings to SM fields as accurately as possible.
Measuring masses, coupling constants, and quantum numbers at a hadron collider is difficult, though many tech-

niques for doing so were put forward recently. Some of those techniques evolved remarkably over time. For example,
top quark mass determinations at the Tevatron [4] started out from measurements of the tt̄ production cross-section
and establishing the value of mt which fits the cross-section best. A more recent technique – “the matrix element
method” – performs a likelihood fit on an event-by-event basis. Since more information about the event is used,
more efficient separation of signal and background is accomplished and a higher accuracy of the top quark mass
measurement is achieved.
The idea that matrix elements, or multivariate per-event likelihoods, can guide us in maximizing the amount of

information that can be extracted from a given event is appealing; but, to the best of our knowledge, it has not been
widely used in hadron collider physics beyond top mass determinations. On the other hand, these techniques are not
new to experimental analyses since they were used in many B-physics measurements [5].
The goal of this paper is to apply the multivariate likelihood method to the determination of a spin of a resonance,

produced in hadron collisions. Many extensions of the SM postulate the existence of (elementary) particles of different
spins that can be single-produced at the LHC. Once produced, these resonances decay into SM particles whose angular
distributions contain information about couplings, spins, and other quantum numbers of their parents.
Spin determination is often discussed in the context of a particular angular distribution; the challenge is to find

a distribution that exhibits maximal sensitivity to the spin of a resonance. Single-observable distributions may be
viable spin-analyzers but, as we illustrate with some examples in this paper, loss of statistical power and certain
information is inevitable. Construction of the likelihood of the hypothesis that a given event, with its complete
kinematic dependence, comes from the production and decay of a resonance with a particular spin is the most efficient
way to analyze the events. Testing this approach in a realistic hadron collider setting is what we would like to do in
this paper.
It is best to pursue this program in a situation where the final state is reconstructed fully and accurately. For

this reason we exclude the final states with missing energy and jets and examine the pure leptonic final states. It
follows that we can either consider direct decays of resonances to a lepton pair or we can look at the decays of such
resonances into neutral gauge bosons that subsequently decay into leptons. There are three reasons for us to choose
the second option. First, more information can be extracted from a fully-reconstructed four-body final state [6–12]
than from a two-body final state; second, direct decays to l+l− are studied well in the literature1[13–18]; and, third,
it is reasonable to assume that the decay of a single-produced resonance to Z bosons is sizable, if not altogether
dominant. Recall that this happens with the SM Higgs boson if its mass exceeds 2mZ [19]. It may also occur in well-
motivated scenarios of Beyond the Standard Model (BSM) physics. For example, in the extra-dimensional model [20]

1 In the appendix we present angular distributions for X → l+l− that generalize results in the literature.

arXiv:1001.3396

Spin/CP studies following formalism of arXiv:1001.3396 and 
arXiv:1208.4018
• Currently study pure spin/CP states
• Ultimate goal: determine helicity amplitudes and observe/
constraint admixtures (potentially CP-violation)
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amplitude A(X → V1V2) provides a more general description of the properties of the new boson than any effective

Lagrangian because the couplings g(0)i are momentum-dependent form-factors that, for example, can have both real
and imaginary parts. We do not expect this issue to be important for the new boson with a mass of 125 GeV,
discovered at the LHC, but it may be essential for heavier resonances that may be discovered later, so we prefer to
stick to this description. On the other hand, it is also true that effective Lagrangians lead to streamlined prediction
for scattering amplitudes, since they provide an opportunity to order contributions of operators of different mass
dimensions by their relevance, thereby reducing the number of terms that contribute to scattering amplitudes. Of
course, given the scattering amplitude and assuming that form-factors are momentum-independent constants, the
corresponding Lagrangian can always be constructed. For example, in case of Eq. (9), the following correspondence
is valid

g(0)1 m2
V

v
ε∗1ε

∗
2 ⇔ L ∼ g(0)

1
XZµZ

µ,
g(0)2

v
f∗(1)
µν f∗(2),µν ⇔ L ∼ g(0)2

v
XZµνZ

µν ,

g(0)
3

f∗(1),µνf∗(2)
µα

qνqα

Λ2
⇔ L ∼ g(0)

3
ZµαZ

νβ [∂β∂αX ] , g(0)
4

f∗(1)
µν f̃∗(2),µν ⇔ L ∼ g(0)

4
XZµνZ̃µν , (10)

where v is the vacuum expectation value of the X field. Therefore, terms with g(0)1 in A(X → V1V2) are associated

with dimension-three operators in the Lagrangian, terms with g(0)2 and g(0)4 with dimension-five, and terms with g(0)3
with dimension seven. As mentioned above, power-counting arguments suggest that lower-dimensional operators give
larger contributions to the amplitude.
We can re-write Eq. (9) as

A(X → V1V2) = v−1ε∗µ1 ε∗ν2

(

a1gµνm
2
X
+ a2 qµqν + a3εµναβ q

α
1 q

β
2

)

. (11)

The coefficients a1,2,3 are related to g(0)1,2,3,4 by

a1 = g(0)
1

m2
V

m2
X

+
s

m2
X

(

2g(0)
2

+ g(0)
3

s

Λ2

)

, a2 = −
(

2g(0)
2

+ g(0)
3

s

Λ2

)

, a3 = −2g(0)
4

, (12)

where s is defined as

s = q1q2 =
m2

X
−m2

1 −m2
2

2
. (13)

For a spin-zero resonance with couplings shown in Eq. (11), the three contributing helicity amplitudes are

A00 = −m2
X

v

(

a1
√
1 + x+ a2

m1m2

m2
X

x

)

,

A++ =
m2

X

v

(

a1+ia3
m1m2

m2
X

√
x

)

,

A−− =
m2

X

v

(

a1−ia3
m1m2

m2
X

√
x

)

, (14)

where x is defined as

x =

(

m2
X
−m2

1 −m2
2

2m1m2

)2

− 1. (15)

For a SM Higgs boson decaying to two massive vector bosons, ZZ or WW , the values of the couplings are g(0)1 = 1,

and g(0)2 = g(0)3 = g(0)4 = 0. A small value of g(0)2 ∼ O(αEW) ∼ 10−2 is generated in the SM by electroweak radiative

corrections. The CP -violating constant g(0)4 is tiny in the SM since it appears only at the three-loop level. For the SM

Higgs boson decays γγ, Zγ, or gg, only loop-induced couplings are possible so that g(0)2 &= 0 while the other couplings

are zero. However, allowing for beyond the SM scenarios, values of the g(0)i need to be determined experimentally.

For example, for a pseudoscalar Higgs boson one would expect g(0)4 &= 0 while the other g(0)i = 0. It is also interesting

to consider the model g(0)2 &= 0 as an alternative to the SM scalar hypothesis, or a mixture of any of the above
contributions.

spin-0
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- Analysis similar to “rate/mass” analysis but optimized selection: 
- pTγ1>0.35 mγγ and pTγ2>0.25 mγγ

- Minimize mγγ and cosθ* correlations for background
- Residual correlations at 0.6% (2%) level for |cosθ*|<(>)0.8

- Η→γγ is a low S/B final state (inclusive ~3%)
- Simultaneous fit to mγγ and |cosθ*|  in signal region
- mγγ in side-bands

- mγγ modeling similar to rate analysis
- Signal : Crystal-Ball (describe ~95% of events) and Gauss
- Background : 5th order polynomial

- cosθ* modeling 
- Signal : derived from MC 

For SM correct for interference between gg→γγ and signal (important for |cosθ*| > 0.8)
For 2+ no description for such effect, neglect.

- Background : |cosθ*| distribution from mγγ side-bands
- pT spectrum: reweight spin-2 state to SM PowHeg (HqT), full size of correction as systematic

side-band statistics: 1% (3%) for |cosθ∗| <(>)0.8
residual correlations: 0.6% (2%) for | cosθ∗| <(>)0.8
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Fit separately S+B in bins of |cosθ*|
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Η→ZZ→4l : Publication

99



K. Nikolopoulos November 18th, 2013Higgs boson physics with ATLAS

Η→ZZ→4l : Distributions of discriminants

100



K. Nikolopoulos November 18th, 2013Higgs boson physics with ATLAS

Η→ZZ→4l : LLR 0+ vs 0-, 1+, 2+
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Η→ZZ→4l : BDT and JP-MELA discriminants
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Η→ZZ→4l : LLR 0+ vs 0-, 1+, 2+
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Η→WW→lvlv: Data/MC in the Signal Region
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After full selection
3615 candidate events

3300 background expected
170 SM Higgs boson expected
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Η→WW→lvlv: Spin/CP sensitive variables
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Combination: The case of 0+ vs 2+
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see this, we rewrite Eq. (1) through polarization vectors
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We have defined the parameters s = q1q2 = (m2
X
− 2m2

V
)/2 and κ = s/Λ2. The amplitude for X decay into two

massless gauge bosons is obtained from Eqs. (2) and (3) by setting mV to zero.

B. Spin-one X and two gauge bosons

We consider the case when the exotic particle X has spin one and arbitrary parity. As a consequence of the Landau-
Yang theorem, the spin-one particle X cannot interact with two massless identical gauge bosons. For this reason,
a spin-one color-singlet particle cannot be produced in gluon fusion, or decay to two photons. The phenomenology
of spin-one decays into two Z bosons was recently discussed in Ref. [9]. Following that reference, we consider the
amplitude for the decay to two identical massive gauge bosons X → ZZ. This amplitude depends on two independent
form factors

A(X → ZZ) = g(1)
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2εX) + (ε∗2q)(ε

∗
1εX)] + g(1)

2
εαµνβε

α
Xε∗,µ1 ε∗,ν2 q̃β . (4)

Similar to the spin-zero case, g(1)1 and g(1)2 are dimensionless effective coupling constants. We note that these coupling
constants are, in general, complex with absorptive parts that may arise from quantum loop effects. This possibility
was not considered in Ref. [9] where the case of zero complex phase difference between the two coupling constants
was studied. In the case when X has positive parity (JP = 1+), the first term violates and the second term conserves
parity. Alternatively, the two terms correspond to parity-conserving and parity-violating interactions of the 1−

particle, respectively.

C. Spin-two X and two gauge bosons

We turn to the spin-two case and construct the most general amplitude for the decay of a spin-two particle X into
two identical vector gauge bosons. The X wave function is given by a symmetric traceless tensor tµν , transverse to its
momentum tµνqν = 0. Since we would like to apply the formula for the amplitude to describe interactions of X with
massive and massless gauge bosons, we consider the possible dependence of the amplitude on both the field strength
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As in the spin-zero and spin-one cases, g(2)1,..,10 are dimensionless effective coupling constants which are, in general,

complex numbers. They are different for different gauge bosons V . The first seven constants g(2)1,..,7 correspond to the

JP = 2+ particle parity-conserving interaction, while the last three terms with g(2)8,9,10 correspond to its parity-violating
interaction. Alternatively, they correspond to parity-violating and parity-conserving interactions of the 2− particle,
respectively.
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We can now write the amplitude through polarization vectors

A(X → ZZ) = Λ−1e∗µ1 e∗ν2

[

c1 (q1q2)tµν + c2 gµνtαβ q̃
αq̃β + c3

q2µq1ν
m2

X

tαβ q̃
αq̃β + 2c4 (q1νq

α
2 tµα

+q2µq
α
1 tνα) + c5tαβ

q̃αq̃β

m2
X

εµνρσq
ρ
1q

σ
2 + c6t

αβ q̃βεµναρq
ρ +

c7tαβ q̃β
m2

X

(εαµρσq
ρq̃σqν + εανρσq

ρq̃σqµ)

]

. (6)

The coefficients c1−7 can be expressed through g(2)1,..,10
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To describe production of the particle X in hadron collisions, we need to know the X ’s coupling to gluons. The cor-
responding amplitude can be obtained from the case A(X → V V ) that we just considered by crossing transformation

and setting mV = 0, g(2)9 = 0. Also, because e1q2 = e2q1 = 0 in the massless case, we find that terms proportional to
c3 and c4 do not contribute when an analog of Eq. (6) is written for massless gauge bosons.

D. X and two fermions

For completeness, we also give here the general couplings of the particle X to two fermions. We denote fermion
masses as mq. We assume that the chiral symmetry is exact in the limit when fermion masses vanish. We obtain the
following amplitudes

A(XJ=0 → qq̄) =
mq

v
ūq1
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1
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2

γ5
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vq2 , (8)
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where mq is the fermion mass and ū and v are the Dirac spinors. It follows that, in the case when fermions are
massless, the minimal couplings are also the most general ones and no new structures appear.

III. HELICITY AMPLITUDES

We are now in position to compute helicity amplitudes for the production and decay processes. Helicity amplitudes
are important because, as we will see in the following discussion, those amplitudes parameterize angular distributions
and, hence, can be directly extracted from data. By knowing how these amplitudes are expressed through effective
couplings introduced in the previous section, we can constrain those couplings through measurements of angular
distributions.
To compute the helicity amplitudes Aλ1λ2

for the decayX → V V , we calculate amplitudes presented in the previous
section for polarization vectors that correspond to λ1,λ2. We begin with the description of the polarization vectors
that we use in the analysis. Consider the decay X → V V in the rest frame of X . The momenta of the two V ’s are
parameterized as q1,2 = (mX/2, 0, 0,±βmX/2), where β = (1− 4m2

V
/m2

X
)1/2 is the velocity of gauge bosons in the X

rest frame. The polarization vectors for the two Z-bosons read

eµ1,2(0) = m−1
V

(±βmX/2, 0, 0,mX/2) , eµ1 (±) = eµ2 (∓) =
1√
2
(0,∓1,−i, 0). (11)
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Table 1: Summary of results for the 0+ versus 0� test in the H ! ZZ⇤ channel. The expected p0-values for rejecting the 0+ and 0� hypotheses
(assuming the alternative hypothesis) are shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while
the CLs value for excluding the 0� hypothesis is given in the last column.

Channel 0� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 0�) CLs(JP = 0�)
Exp. p0(JP = 0+) Exp. p0(JP = 0�)

H ! ZZ⇤ 1.5 · 10�3 3.7 · 10�3 0.31 0.015 0.022

Table 2: Summary of results for the JP = 0+ versus 1+ test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1+ hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1+ hypothesis are given in the last column.

Channel 1+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1+) CLs(JP = 1+)
Exp. p0(JP = 0+) Exp. p0(JP = 1+)

H ! ZZ⇤ 4.6 · 10�3 1.6 · 10�3 0.55 1.0 · 10�3 2.0 · 10�3

H ! WW⇤ 0.11 0.08 0.70 0.02 0.08
Combination 2.7 · 10�3 4.7 · 10�4 0.62 1.2 · 10�4 3.0 · 10�4

Table 3: Summary of results for the JP = 0+ versus 1� test in the H ! ZZ⇤ and H ! WW⇤ channels, as well as their combination. The expected
p0-values for rejecting the JP = 0+ and 1� hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth
and fifth columns show the observed p0-values, while the CLs values for excluding the 1� hypothesis are given in the last column.

Channel 1� assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 1�) CLs(JP = 1�)
Exp. p0(JP = 0+) Exp. p0(JP = 1�)

H ! ZZ⇤ 0.9 · 10�3 3.8 · 10�3 0.15 0.051 0.060
H ! WW⇤ 0.06 0.02 0.66 0.006 0.017

Combination 1.4 · 10�3 3.6 · 10�4 0.33 1.8 · 10�3 2.7 · 10�3
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Table 4: Summary of results for the various fractions fqq̄ of the qq̄ production of the spin-2 particle for the H! �� (top), H ! ZZ⇤ (middle), and
H ! WW⇤ (bottom) channels. The expected p0-values for rejecting the JP = 0+ and JP = 2+ hypotheses (assuming the alternative hypothesis) are
shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while the CLsvalues for excluding the JP = 2+
hypothesis are given in the last column.

H! ��

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.148 0.135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054
0% 0.012 0.005 0.588 0.003 0.007

H ! ZZ⇤

fqq̄
2+ assumed assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.102 0.082 0.962 0.001 0.026
75% 0.117 0.099 0.923 0.003 0.039
50% 0.129 0.113 0.943 0.002 0.035
25% 0.125 0.107 0.944 0.002 0.036
0% 0.099 0.092 0.532 0.079 0.169

H ! WW⇤

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.013 3.6 · 10�4 0.541 1.7 · 10�4 3.6 · 10�4

75% 0.028 0.003 0.586 0.001 0.003
50% 0.042 0.009 0.616 0.003 0.008
25% 0.048 0.019 0.622 0.008 0.020
0% 0.086 0.054 0.731 0.013 0.048

Table 5: 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 tabulated for the combination of the H! ��, H ! ZZ⇤ and H ! WW⇤ channels. The CLs values for excluding the
JP = 2+ hypothesis are given in the last column.

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 3.0 · 10�3 8.8 · 10�5 0.81 1.6 · 10�6 0.8 · 10�5

75% 9.5 · 10�3 8.8 · 10�4 0.81 3.2 · 10�5 1.7 · 10�4

50% 1.3 · 10�2 2.7 · 10�3 0.84 8.6 · 10�5 5.3 · 10�4

25% 6.4 · 10�3 2.1 · 10�3 0.80 0.9 · 10�4 4.6 · 10�4

0% 2.1 · 10�3 5.5 · 10�4 0.63 1.5 · 10�4 4.2 · 10�4
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>99.9%
for all fqq

99.7%

>99.9%

97.8%

0+ vs 0-

0+ vs 1+

0+ vs 1-

0+ vs 2+
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Assuming that: 
- the resonance corresponds to a CP-even boson

- no contributions beyond the Standard Model
- deviations of vector boson couplings to the Higgs described by one overall scaling  (κV)

- deviations of fermion couplings to the Higgs described by one overall scaling  (κF)
Data compatible with the Standard Model expectation for both experiments
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Higgs boson signal strength measurement 
following formalism of arXiv:1209.0040
• single resonance of 125.5 GeV
• narrow width approximation
• only modifications of the coupling strengths

Deviations described by 
overall scales kF (kV) for 

fermions (bosons), 
respectively, no BSM 

contribution

Constrain contributions to 
production/decay loops. Known 

particles fixed to SM strength. New 
particles assumed to not contribute 

to Higgs width 2D compatibility with SM is 14%

2D compatibility with SM is 12%

Table 10: Summary of the coupling benchmark models discussed in this paper, where �i j = i/ j, ii = ii/H , and the functional dependence
assumptions are: V = W = Z , F = t = b = ⌧ (and similarly for the other fermions), g = g(b, t), � = �(b, t , ⌧, W ), and H = H(i).
The tick marks indicate which assumptions are made in each case. The last column shows, as an example, the relative couplings involved in the
gg! H ! �� process, see Eq. (7), and their functional dependence in the various benchmark models.

Model Probed Parameters of Functional assumptions Example: gg! H ! ��
couplings interest V F g � H

1 Couplings to
fermions and bosons

V , F
p p p p p

2F · 2�(F , V )/2H(F , V )
2 �FV , VV

p p p p
- 2VV · �2

FV · 2�(�FV , �FV , �FV , 1)
3 Custodial symmetry �WZ , �FZ , ZZ -

p p p
- 2ZZ · �2

FZ · 2�(�FZ , �FZ , �FZ , �WZ)
4 �WZ , �FZ , ��Z , ZZ -

p p
- - 2ZZ · �2

FZ · �2
�Z

5 Vertex loops g, � =1 =1 - -
p

2g · 2�/2H(g, �)

(benchmark model 2 in Table 10), which still provides
useful information on the relationship between Yukawa
and gauge couplings. Fits to the data give the following
68% CL intervals for �FV and VV = VV/H (when
profiling over the other parameter):

�FV 2 [0.70, 1.01] (11)
VV 2 [1.13, 1.45] (12)

The two-dimensional compatibility of the SM pre-
diction with the best-fit value is 12%. These results
also exclude vanishing couplings of the Higgs boson to
fermions (indirectly, mainly through the gg ! H pro-
duction loop) by more than 5�.

7.4.2. Ratio of couplings to the W and Z bosons
In the Standard Model, custodial symmetry imposes

the constraint that the W and Z bosons have identical
couplings to the Higgs boson and that ⇢=1 (as measured
at LEP [121]). The former constraint is tested here by
measuring the ratio �WZ = W/Z .

The simplest and most model-independent approach
is to extract the ratio of branching ratios normalised to
their SM expectation, �2

WZ = B(H ! WW⇤)/B(H !
ZZ⇤) ·BSM(H ! ZZ⇤)/BSM(H ! WW⇤), from the mea-
sured inclusive rates of the H ! WW⇤ and H ! ZZ⇤
channels. A fit to the data with the likelihood ⇤(�WZ),
where µggF+ttH ⇥ B(H! ZZ⇤)/BSM(H ! ZZ⇤) and
µVBF+VH/µggF+ttH are profiled, gives �WZ = 0.81+0.16

�0.15.
A more sensitive measurement can be obtained by

also using information from WH and ZH production,
from the VBF process (which in the SM is roughly
75% W-fusion and 25% Z-fusion mediated) and from
the H ! �� decay mode. A fit to the data using
benchmark model 3 in Table 10 gives the likelihood
curve shown in Fig. 11, with �WZ 2 [0.61, 1.04] at the
68% CL, dominated by the statistical uncertainty; the

other parameters, �FZ and ZZ , are profiled. The three-
dimensional compatibility of the SM prediction with the
best-fit value is 19%.
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Figure 11: Likelihood curve for the coupling scale factor �WZ (bench-
mark model 3 in Table 10). The thin dotted lines indicate the continu-
ation of the likelihood curve when restricting �FZ to be either positive
or negative. The dashed curves show the SM expectation with the
right (left) minimum indicating �FZ positive (negative).

Potential contributions from BSM physics a↵ecting
the H ! �� channel could produce apparent deviations
of the ratio �WZ from unity even if custodial symme-
try is not broken. It is therefore desirable to decouple
the observed H ! �� event rate from the measurement
of �WZ . This is done with an extended fit for the ratio
�WZ , where one extra degree of freedom (��Z = �/Z)
absorbs possible BSM e↵ects in the H ! �� channel
(benchmark model 4 in Table 10). This measurement
yields:

�WZ = 0.82 ± 0.15 (13)

and a four-dimensional compatibility of the SM predic-
tion with the best-fit value of 20%.
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7.4.3. Constraints on production and decay loops
Many BSM physics scenarios predict the existence

of new heavy particles, which can contribute to loop-
induced processes such as gg ! H production and
H ! �� decay. In the approach used here (benchmark
model 5 in Table 10), it is assumed that the new parti-
cles do not contribute to the Higgs boson width and that
the couplings of the known particles to the Higgs boson
have SM strength (i.e. i=1). E↵ective scale factors g
and � are introduced to parameterise the gg ! H and
H ! �� loops. The results of their measurements from
a fit to the data are shown in Fig. 12. The best-fit values
when profiling over the other parameters are:

g = 1.04 ± 0.14 (14)
� = 1.20 ± 0.15 (15)

The two-dimensional compatibility of the SM predic-
tion with the best-fit value is 14%.
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Figure 12: Likelihood contours for the coupling scale factors � and g
probing BSM contributions to the H ! �� and gg! H loops, assum-
ing no BSM contributions to the total Higgs boson width (benchmark
model 5 in Table 10). The best-fit result (⇥) and the SM expecta-
tion (+) are also indicated.

7.4.4. Summary
The results of the measurements of the coupling scale

factors discussed in the previous sections, obtained un-
der the assumptions detailed in Section 7.4 and Ta-
ble 10, are summmarised in Fig. 13. The measurements
in the various benchmark models are strongly corre-
lated, as they are obtained from fits to the same exper-
imental data. A simple �2-like compatibility test with
the SM is therefore not meaningful.

The coupling of the new particle to gauge bosons V
is constrained by several channels, directly and indi-
rectly, at the ±10% level. Couplings to fermions with
a significance larger than 5� are indirectly observed

mainly through the gluon-fusion production process, as-
suming the loop is dominated by fermion exchange. The
ratio of the relative couplings of the Higgs boson to the
W and Z bosons, W/Z , is measured to be consistent
with unity, as predicted by custodial symmetry. Under
the hypothesis that all couplings of the Higgs boson to
the known particles are fixed to their SM values, and as-
suming no BSM contributions to the Higgs boson width,
no significant anomalous contributions to the gg ! H
and H ! �� loops are observed.
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Figure 13: Summary of the measurements of the coupling scale fac-
tors for a Higgs boson with mass mH=125.5 GeV. The best-fit values
are represented by the solid vertical lines, with the ±1� and ±2� un-
certainties given by the dark- and light-shaded band, respectively. For
a more complete illustration, the distributions of the likelihood ra-
tios from which the total uncertainties are extracted are overlaid. The
measurements in the various benchmark models, separated by double
horizontal lines, are strongly correlated.

8. Conclusions

Data recorded by the ATLAS experiment at the
CERN Large Hadron Collider in 2011 and 2012, cor-
responding to an integrated luminosity of up to 25 fb�1

at
p

s = 7 TeV and
p

s = 8 TeV, have been analysed
to determine several properties of the recently discov-
ered Higgs boson using the H ! ��, H!ZZ⇤! 4` and
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Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H ! ��, H!ZZ⇤! 4` and H!WW⇤! `⌫`⌫ chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

� · B (gg! H ! ��)
�SM(gg! H) · BSM(H ! ��) =

2g · 2�
2H

(7)

In some of the fits, H and the e↵ective scale factors
� and g for the loop-induced H ! �� and gg ! H
processes are expressed as a function of the more fun-
damental factors W , Z , t, b and ⌧ (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

2g(b, t) =
2t · �tt

ggH + 
2
b · �bb

ggH + tb · �tb
ggH

�tt
ggH + �

bb
ggH + �

tb
ggH

2�(b, t, ⌧, W ) =

P
i, j i j · �i j

��
P

i, j �
i j
��

(8)

2H =
X

j j=WW⇤, ZZ⇤, bb̄, ⌧�⌧+,

��, Z�, gg, tt̄, cc̄, ss̄, µ�µ+

2j�
SM
j j

�SM
H

where �i j
ggH , �i j

�� and �SM
f f are obtained from theory [14,

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

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

The assumptions made for the various measurements
are summarised in Table 10 and discussed in the next
sections together with the results.
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Figure 10: Likelihood contours (68% CL) of the coupling scale fac-
tors F and V for fermions and bosons (benchmark model 1 in Ta-
ble 10), as obtained from fits to the three individual channels and their
combination (for the latter, the 95% CL contour is also shown). The
best-fit result (⇥) and the SM expectation (+) are also indicated.

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

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

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

F 2 [0.76, 1.18] (9)
V 2 [1.05, 1.22] (10)

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

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling F ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio �FV = F/V can be measured
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Table 10: Summary of the coupling benchmark models discussed in this paper, where �i j = i/ j, ii = ii/H , and the functional dependence
assumptions are: V = W = Z , F = t = b = ⌧ (and similarly for the other fermions), g = g(b, t), � = �(b, t , ⌧, W ), and H = H(i).
The tick marks indicate which assumptions are made in each case. The last column shows, as an example, the relative couplings involved in the
gg! H ! �� process, see Eq. (7), and their functional dependence in the various benchmark models.

Model Probed Parameters of Functional assumptions Example: gg! H ! ��
couplings interest V F g � H

1 Couplings to
fermions and bosons

V , F
p p p p p

2F · 2�(F , V )/2H(F , V )
2 �FV , VV

p p p p
- 2VV · �2

FV · 2�(�FV , �FV , �FV , 1)
3 Custodial symmetry �WZ , �FZ , ZZ -

p p p
- 2ZZ · �2

FZ · 2�(�FZ , �FZ , �FZ , �WZ)
4 �WZ , �FZ , ��Z , ZZ -

p p
- - 2ZZ · �2

FZ · �2
�Z

5 Vertex loops g, � =1 =1 - -
p

2g · 2�/2H(g, �)

(benchmark model 2 in Table 10), which still provides
useful information on the relationship between Yukawa
and gauge couplings. Fits to the data give the following
68% CL intervals for �FV and VV = VV/H (when
profiling over the other parameter):

�FV 2 [0.70, 1.01] (11)
VV 2 [1.13, 1.45] (12)

The two-dimensional compatibility of the SM pre-
diction with the best-fit value is 12%. These results
also exclude vanishing couplings of the Higgs boson to
fermions (indirectly, mainly through the gg ! H pro-
duction loop) by more than 5�.

7.4.2. Ratio of couplings to the W and Z bosons
In the Standard Model, custodial symmetry imposes

the constraint that the W and Z bosons have identical
couplings to the Higgs boson and that ⇢=1 (as measured
at LEP [121]). The former constraint is tested here by
measuring the ratio �WZ = W/Z .

The simplest and most model-independent approach
is to extract the ratio of branching ratios normalised to
their SM expectation, �2

WZ = B(H ! WW⇤)/B(H !
ZZ⇤) ·BSM(H ! ZZ⇤)/BSM(H ! WW⇤), from the mea-
sured inclusive rates of the H ! WW⇤ and H ! ZZ⇤
channels. A fit to the data with the likelihood ⇤(�WZ),
where µggF+ttH ⇥ B(H! ZZ⇤)/BSM(H ! ZZ⇤) and
µVBF+VH/µggF+ttH are profiled, gives �WZ = 0.81+0.16

�0.15.
A more sensitive measurement can be obtained by

also using information from WH and ZH production,
from the VBF process (which in the SM is roughly
75% W-fusion and 25% Z-fusion mediated) and from
the H ! �� decay mode. A fit to the data using
benchmark model 3 in Table 10 gives the likelihood
curve shown in Fig. 11, with �WZ 2 [0.61, 1.04] at the
68% CL, dominated by the statistical uncertainty; the

other parameters, �FZ and ZZ , are profiled. The three-
dimensional compatibility of the SM prediction with the
best-fit value is 19%.
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Figure 11: Likelihood curve for the coupling scale factor �WZ (bench-
mark model 3 in Table 10). The thin dotted lines indicate the continu-
ation of the likelihood curve when restricting �FZ to be either positive
or negative. The dashed curves show the SM expectation with the
right (left) minimum indicating �FZ positive (negative).

Potential contributions from BSM physics a↵ecting
the H ! �� channel could produce apparent deviations
of the ratio �WZ from unity even if custodial symme-
try is not broken. It is therefore desirable to decouple
the observed H ! �� event rate from the measurement
of �WZ . This is done with an extended fit for the ratio
�WZ , where one extra degree of freedom (��Z = �/Z)
absorbs possible BSM e↵ects in the H ! �� channel
(benchmark model 4 in Table 10). This measurement
yields:

�WZ = 0.82 ± 0.15 (13)

and a four-dimensional compatibility of the SM predic-
tion with the best-fit value of 20%.
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“Invisible” decays are suppressed in SM → Observation would be direct indication of New Physics!

• Signature : Z→ee/µµ + large MET
• Main Backgrounds: ZZ→llvv, WZ→lvll, WW→lvlv

9 Search for ZH with H ! invisible final states

The channel ZH ! `+`�+ invisible o↵ers the possibility of searching directly for the invisible branching
fraction of the Higgs boson [20]. This approach is complementary to the indirect constraint from the
Higgs coupling measurements.

9.1 Event Selection

Electrons and muons are required to have pT larger than 20 GeV. A looser threshold of 7 GeV is consid-
ered for the third lepton veto to suppress the WZ background. Electrons (muons) are required to have
|⌘| < 2.47(2.5). Jets are required to have pT > 30 GeV for |⌘| < 2.1, and pT > 50 GeV for 2.1  |⌘| < 2.5.
These thresholds are expected to result in a jet fake rate from the pileup of 10% for hµi = 140. After the
selection of electrons, muons and jets, overlap removal is imposed among these objects. Jets are removed
when they are within �R = 0.2 of a selected electron. Electrons are removed if they are within �R = 0.2
of an identified muon. Finally, remaining electrons and muons are removed if they are within �R = 0.4
of a remaining jet.

The event selection is based on the recent ATLAS Run 1 analysis [21] with some modifications. First
of all, the track-based missing transverse momentum is not considered. The Emiss

T threshold and some of
the angular cuts are relaxed due to the degradation of object performance coming from the higher pile-
up conditions. Table 14 summarizes the event selection adopted for this study, and Table 15 shows the
expected background and signal yields for the two luminosity scenarios. Only the statistical uncertainty
from the simulated samples is shown. Figure 18 shows the Emiss

T distributions for the two scenarios.
The dramatic increase in the Z+jets background at high µpu is due to the degraded Emiss

T performance.
However, the Z+jets background is concentrated in the lowest Emiss

T bins, so the signal sensitivity remains
in the higher bins. Moreover, this background could still be suppressed by adding a d�(Emiss

T , ~pmiss
T ) cut.

Cut variables Thresholds
Emiss

T > 180 GeV
d�(`, `) < 1.2

d�(~p`,`T ,
~Emiss

T ) > 2.7
|Emiss

T - p`,`T |/p`,`T < 0.6
Jet veto > 25 GeV

Table 14: Cut thresholds optimized for the high pile-up scenarios.

Expected yields 300 fb�1 3000 fb�1

ZZ 1321 ± 53 12000 ± 500
WZ 440 ± 2 4501 ± 22
WW 0.9 ± 0.9 52 ± 21
Top 127 ± 37 1810 ± 440

Z+jets 172 ± 87 82000 ± 6100
Signal (125 GeV, BR(H ! inv.)=20%) 154 ± 2 1379 ± 21

Table 15: Background and signal yields for 300 and 3000 fb�1 of 14 TeV data. Only the statistical
uncertainty from the MC samples is shown.
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Figure 18: Emiss
T distributions for 300 and 3000 fb�1 14 TeV data samples.

9.2 Systematic uncertainties

Two scenarios are considered to predict the systematic uncertainties.
For the so-called conservative scenario, an experimental uncertainty of 5%, theoretical uncertainty

of 4.7%, and jet veto systematic uncertainties of 5.5% are assumed for the ZZ and WZ backgrounds.
For the so-called realistic case, the uncertainty is expected to become smaller due to large statistics.

From the expected yields of the ZZ ! 4` and WZ ! `⌫``, the overall uncertainty of the ZZ background
is estimated to be 6.7% for 300 fb�1 and 2.2% for 3000 fb�1. Similarly, the overall uncertainty of the
WZ background is estimated to be 3.0% for 300 fb�1 and 1.0% for 3000 fb�1.

The WW, top quark, and Z ! ⌧+⌧� backgrounds are estimated to have the overall uncertainty of
8.8% for 300 fb�1 and 2.3% for 3000 fb�1, considering the expected event yields in the eµ control
region. The Z background is assumed to have an uncertainty of 10%, but this background is expected to
be suppressed significantly by the d�(Emiss

T , ~pmiss
T ) selection, which is not applied in this note.

For the signals, an experimental uncertainty of 4.0%, theoretical uncertainty of 5.0%, and a jet veto
systematic error of 5.5% are considered for all cases.

9.3 Results

The limits are calculated with the CLs modified frequentist formalism using a maximum likelihood fit
using the Emiss

T distributions with a profile likelihood test statistics. During the limit setting, the theoretical
uncertainty of the ZZ and WZ backgrounds are assumed to be fully correlated, whereas for the jet veto
systematics, the correlation among the signals, ZZ and WZ backgrounds are taken into account. The
uncertainty coming from the MC statistics is not considered during the limit setting, as it is expected to
be significantly reduced in the future. Table 16 shows the expected limits for the two scenarios. The
branching ratio of 23-32% (8-16%) is expected to be excluded at 95% confidence level with 300 fb�1

(3000 fb�1) of data at
p

s = 14 TeV.

BR(H !inv.) limits at 95% (90%) CL 300 fb�1 3000 fb�1

Realistic scenario 23% (19%) 8.0% (6.7%)
Conservative scenario 32% (27%) 16% (13%)

Table 16: Expected limits with 95% (90%) CL on the invisible branching ratio of the Higgs boson are
shown. The Standard Model cross section for ZH production is assumed.
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The event selection is based on the recent ATLAS Run 1 analysis [21] with some modifications. First
of all, the track-based missing transverse momentum is not considered. The Emiss

T threshold and some of
the angular cuts are relaxed due to the degradation of object performance coming from the higher pile-
up conditions. Table 14 summarizes the event selection adopted for this study, and Table 15 shows the
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Top 127 ± 37 1810 ± 440
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Table 15: Background and signal yields for 300 and 3000 fb�1 of 14 TeV data. Only the statistical
uncertainty from the MC samples is shown.
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Several open topics in the Higgs sector for future studies:
- Rare decays & Couplings - CP studies

- BSM Higgs boson searches  - Higgs boson pair production

ATL-PHYS-PUB-2013-014

ATL-PHYS-PUB-2013-013

ATL-PHYS-PUB-2013-014

g1 CP-even HZZ coupling
g2 CP-even HZZ coupling (loops)
g3 CP-odd HZZ coupling

H→ZZ→4l

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-013
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-013
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
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�µ/µ 300 fb�1

All unc. No theory unc.
H ! µµ (comb.) 0.39 0.38

(incl.) 0.47 0.45
(ttH-like) 0.73 0.72

H ! ⌧⌧ (VBF-like) 0.22 0.16
H ! ZZ (comb.) 0.12 0.06

(VH-like) 0.32 0.31
(ttH-like) 0.46 0.44

(VBF-like) 0.34 0.31
(ggF-like) 0.13 0.06

H ! WW (comb.) 0.13 0.08
(VBF-like) 0.21 0.20

(+1j) 0.36 0.17
(+0j) 0.20 0.08

H ! Z� (incl.) 1.47 1.45
H ! �� (comb.) 0.14 0.09

(VH-like) 0.77 0.77
(ttH-like) 0.55 0.54

(VBF-like) 0.47 0.43
(+1j) 0.37 0.14
(+0j) 0.22 0.12

3000 fb�1

All unc. No theory unc.
0.15 0.12
0.19 0.15
0.26 0.23
0.19 0.12
0.10 0.04
0.13 0.12
0.20 0.16
0.21 0.16
0.12 0.04
0.09 0.05
0.12 0.09
0.33 0.10
0.19 0.05
0.57 0.54
0.10 0.04
0.26 0.25
0.21 0.17
0.21 0.15
0.37 0.05
0.20 0.05

Table 17: Relative uncertainty on the signal strength µ for the combination of Higgs analysis at 14 TeV,
300 fb�1 (left) and 3000 fb�1 (right), assuming a SM Higgs Boson with a mass of 125 GeV. For both
300 and 3000 fb�1 the first column shows the results including current theory systematic uncertainties,
while the second column shows the uncertainties obtained using only the statistical and experimental
systematic uncertainties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from
the combination of the measurements from the di↵erent experimental sub-categories for the same final
state, while “(incl.)” indicates that the measurement from the inclusive analysis was used.
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Figure 23: Relative uncertainty on the expected precision for the determination of coupling scale factor
ratios �XY in a generic fit without assumptions, assuming a SM Higgs Boson with a mass of 125 GeV
and LHC at 14 TeV, 300 fb�1 and 3000 fb�1. The hashed areas indicate the increase of the estimated
error due to current theory systematics uncertainties. The numerical values can be found in model Nr. 5
in Table 19.
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1 Introduction

The invariant amplitude describing the interaction of a spin-0 particle and and two spin-one gauge bosons
can be presented through the polarisation vectors of the gauge bosons ✏1 and ✏2:

A(H ! VV) ⇠ (a1M2
Hgµ⌫ + a2(q1 + q2)µ(q1 + q2)⌫ + a3✏µ⌫↵�q↵1 q�2)✏⇤µ1 ✏

⇤⌫
2 . (1)

Here the q1 and q2 are the four momenta of the gauge bosons. Two out of the three couplings a1, a2 and
a3 can in general be complex numbers. The couplings a1 and a2 describe the tree-level and loop-induced
interaction of a CP-even particle with two gauge bosons. The coupling a3 describes the corresponding
interactions of a CP-odd particle. The CP-conserving tree-level Standard Model is given by a1 = 1 and
a2 = a3 = 0. The CP violation in the Higgs sector can be generated requiring the simultaneous presence
of the a3 and either a1 or a2. The observation of a significant a2 in HZZ decay, on the other hand, will
demonstrate the presence of higher order loop processes beyond those predicted by the Standard Model.

The first experimental constraint on the contribution of the a3 coupling was published in the Ref. [1].
In this analysis a parametrisation where three independent tensor couplings are represented by two cross
section fractions fa3 and fa2 and two phases �a3 and �a2 was used. The corresponding definitions were:

fai =
|ai|2�i

|a1|2�1 + |ai|2�i
; �ai = arg

 
ai

a1

!
, (2)

where �i are the e↵ective cross sections of the processes H ! ZZ⇤ ! 4` corresponding to ai =

1 and a j,i = 0. The fractions fai may be interpreted as fractions of event yields corresponding to
each anomalous coupling independently, while the experimental measurement of �ai would provide the
information about the complex structure of couplings, and provide sensitivity to interferences of di↵erent
amplitudes when used in conjunction with fai .

An alternative approach to study the tensor structure of the amplitude (1) is the direct experimental
measurement of couplings a1, a2 and a3, or their ratios. This approach is free of assumptions on the size
of the interference e↵ects and its results can be expressed in terms of ( fai , �ai) parametrisation.

Another form of the amplitude (1) can be found in Refs. [2] and [3]. Here four couplings g1, g2, g3
and g4 are introduced with the following momentum-dependent relation to a1, a2 and a3:

a1 = g1
m2

V

m2
H
+

s
m2

H

✓
2g2 + g3

s
⇤2

◆
; a2 = �

✓
2g2 + g3

s
⇤2

◆
; a3 = �2g4, (3)

where mV is the mass of the gauge boson, s = q1q2 and ⇤ is the new physics scale. Up to the normalisa-
tion factor, the Standard Model at tree-level corresponds to g1 = 1 and g2 = g3 = g4 = 0.

The couplings g1, g2 and g3 correspond to the interaction with the CP-even and g4 to the interaction
with the CP-odd boson respectively. The term corresponding to g3 is expected to be small [3] and thus
set to zero in this study and excluded from the following discussion. The coupling notation g1, g2 and g4
is used throughout the rest of this note. Similarly to the ( fai , �ai) parametrisation proposed in the Ref. [1],
the ( fgi , �gi) parametrisation introduced in the Ref. [3] is used:

fgi =
|gi|2�i

|g1|2�1 + |g2|2�2 + |g4|2�4
; �gi = arg

 
gi

g1

!
. (4)

In the current analysis g2 and g4 are measured separately, assuming the simultaneous presence of
only g1 and of the coupling under study, this corresponds to set g2 = 0 (g4 = 0) in the expression of fg4

( fg2 ) in (4). It should be noted that with these assumptions the fg4 is equivalent to the fa3 and thus the
direct comparison of respective experimental limits is possible.
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a2 = a3 = 0. The CP violation in the Higgs sector can be generated requiring the simultaneous presence
of the a3 and either a1 or a2. The observation of a significant a2 in HZZ decay, on the other hand, will
demonstrate the presence of higher order loop processes beyond those predicted by the Standard Model.

The first experimental constraint on the contribution of the a3 coupling was published in the Ref. [1].
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In the current analysis g2 and g4 are measured separately, assuming the simultaneous presence of
only g1 and of the coupling under study, this corresponds to set g2 = 0 (g4 = 0) in the expression of fg4

( fg2 ) in (4). It should be noted that with these assumptions the fg4 is equivalent to the fa3 and thus the
direct comparison of respective experimental limits is possible.
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Figure 8: Expected 68% (dotted line) and 95% (full line) CL exclusion contours in the
(<(g4)/g1,=(g4)/g1) (left plots), and (<(g2)/g1,=(g2)/g1) (right plots) plane for a Standard Model
signal, estimated with the 8D likelihood fit method. Contours in red assume an integrated luminosity of
300 fb�1, contours in black assume an integrated luminosity of 3000 fb�1.

is used:
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r2
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1 + r2
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, �gi = arg
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, where r2

31 ⇡ 0.16
|g4|2
|g1|2

and r2
21 ⇡ 0.382

|g2|2
|g1|2
. (7)

The numerical coe�cients are obtained by calculating the cross-sections �1,�2 and �4 defined in Sec. 1,
using the JHU Monte Carlo generator. In the current analysis g2 and g4 are measured separately, assum-
ing the simultaneous presence of only g1 and of the coupling under study, this corresponds to set g2 = 0
(g4 = 0) in the expression of fg4 ( fg2 ) in (4).

The final exclusion limits on ( fg4 , �g4 ) and ( fg2 , �g2 ) planes obtained with the ME-observable fit
for the Standard Model Higgs signal are presented in Fig. 9. The results are shown for 300 fb�1 and
3000 fb�1. The parameter space outside of the shaded area is excluded at 95% CL. A summary of
expected limits on fg2 and fg4 for 300 fb�1 and 3000 fb�1 produced with the ME-observable fit are
presented in the Table 8.

Luminosity fg4 fg2

300 fb�1 0.15 0.43

3000 fb�1 0.037 0.20

Table 8: Expected 95% CL upper limits on fg2 and fg4 for 300 fb�1 and 3000 fb�1 produced with the
ME-observable fit

A summary of the expected sensitivities for fg4 and fg2 , that can be reached by ATLAS with 300 and
3000 fb�1, with the 8D likelihood fit method is reported in Table 9. The numbers are expressed as 95%
CL expected upper limit on the fg4 and fg2 parameters, that can be obtained for a Standard Model signal,
and are calculated by profiling the �g4 and �g2) parameters.

The final exclusion limits on ( fg4 , �g4 ) and ( fg2 , �g2 ) planes obtained with the full 8D likelihood fit
for the Standard Model Higgs signal are presented in Fig. 10. The results are shown for 300 fb�1 and
3000 fb�1, and presented as expected 68% and 95% CL exclusion contours.
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ATLAS

CMS

LHC

ALICE

LHCb

⇒ General purpose detector designed for the harsh LHC environment

ATLAS

Magnets 2T solenoid, 3 air-core toroids

Tracking silicon + transition radiation tracker

EM Calorimetry sampling LAr technology

Hadron Calorimetry plastic scintillator (barrel) 
LAr technology (endcap)

Muon independent system
with trigger capabilities
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Figure 7: Residual correlations between the invariant mass mγγ and | cos θ∗|, from the ratio of the back-

ground models of | cos θ∗| in the alternative and the nominal analyses. The background model in the

nominal analysis is given by the normalised distribution of | cos θ∗|, built from all events belonging to

the sidebands (105 GeV < mγγ < 122 GeV and 130 GeV < mγγ < 160 GeV). For the alternative anal-

ysis, the distribution corresponds to the estimated number of background events in the signal region

(122 < mγγ < 130 GeV) in each bin, normalised by their sum. The number of events in the signal region

in each bin is estimated from a fit to the invariant mass sidebands, using exponentials of second degree

polynomials for the first nine bins and a third degree polynomial for the last bin. The orange and blue

bands correspond, respectively, to the statistical uncertainty from the sidebands and the total uncertainty

on the background model in the nominal analysis. The total uncertainty includes, in addition to the

statistical errors, systematic uncertainties from the residual correlations between the invariant mass mγγ
and | cos θ∗| estimated from Monte Carlo simulations. The compatibility of the ratio with the line at one

implies that no significant correlation between mγγ and | cos θ∗|, within the current precision, is observed

in the data.
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