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Experimental verification of Higgs mechanism

Higgs, Brout, Englert, ... predicted in 1964

Higgs boson possibly discovered in 2012

Huge international 
and intergenerational 

success!

Problem: 
How to give gauge bosons mass in 

gauge invariant way

Spontaneous symmetry breaking 
identified by many in early 1960

Peter Higgs predicts Boson as 
remnant of scalar field after SSB

Boson likely to be discovered 
after 50 years!
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Higgs mechanism a brief review

Electroweak symmetry breaking (EWSB)

Why? explain existence of massive particles consistently with the underlying

symmetries of the SM

How? Higgs mechanism [SM, SUSY, ...]

strong EW symmetry breaking [LH, “Higgsless”, extra dims., ...]

Higgs mechanism

Symmetry of the Lagrangian

SU(2)L × U(1)Y

Higgs doublet

Φ =




H+

H0





Symmetry of the vacuum

U(1)em

vacuum expectation value

< Φ >=




0
v√
2





v = 246 GeV

V (φ)

φ0

φ+

V (Φ) = λ[Φ†Φ− v2

2 ]2

M.Mühlleitner, 9.-12. September 2009, Herbstschule

Purpose: explain existence of massive particles consistence with gauge invariance
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Symmetry of the vacuumSymmetry of the Lagrangian

Higgs doublet
vacuum expectation value
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Der SM Higgs-Sektor

Higgs boson mass MH =
√

2λv

Gauge couplings gV V H = 2M2
V

v

Yukawa couplings gffH = mf

v

T rilinear coupling λHHH = 3M2
H

M2
Z

[units λ0 = 33.8 GeV]

Quartic coupling λHHHH = 3M2
H

M4
Z

[units λ2
0 ]

Only unknown

parameter in the SM

is the Higgs boson

mass!

M.Mühlleitner, 9.-12. September 2009, Herbstschule
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Higgs selfcouplingscouplings to

gauge 
bosons

fermions

Higgs mass:
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Implications of the Higgs mechanism

• massive (massless) vectors have three (two) degrees of freedom 

✏µkµ = 0, ✏2 = �1

kµ = (
p

m2 + k2, 0, 0, k)T "(T,1)
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• probability conservation in scattering processes (unitarity) potentially problematic:                           
(“cannot get out more than you put in”)
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in fact we need new TeV scale 
particles to mend unitarity violation!

beyond the SM physics

mh . 700 GeV
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cross section � ⇠ |M|2

E2
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26 1 HIGGS PHYSICS

1.2.3 Renormalization group analysis

Two additional theoretical constraints we can derive from the renormalization group equation of the Higgs potential,
specifically from the renormalization scale dependence of the self coupling �(Q2

). Such a scale dependence arises
automatically when we encounter ultraviolet divergences and absorb the 1/✏ poles into a minimal counter term. We
will discuss this running of couplings in more detail in Section 2.2.1 for the running QCD coupling ↵s. In the case of
a running quartic Higgs coupling � the relevant s, t and u-channel diagrams only depending on � itself are

+ + +

Skipping the calculation we quote the complete renormalization group equation including diagrams with the Higgs
boson, the top quark and the weak gauge bosons inside the loops
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with �t =

p
2mt/v. This formula will be the basis of the discussion in this section.

The first regime we study is where the Higgs self coupling � becomes strong. Fixed order perturbation theory as we
use it in the unitarity argument runs into problems in this regime and the renormalization group equation is the
appropriate tool to describe this region. The leading term in Eq.(1.93) reads
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Because of the positive sign on the right hand side the quartic coupling will become stronger and stronger and
eventually diverge for larger scales Q2. Obviously, this divergence should not happen in a physical model and will
give us a constraint on the maximum value of � allowed. The approximate renormalization group equation we can
solve by replacing � = g�1
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Starting from scales Q ⇠ v where the expression in brackets is close to one and moving towards larger scales the
denominator becomes smaller until � actually hits a pole at the critical value Qpole
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• two additional theoretical bounds follow from the analysis of the Higgs 
potential beyond leading order

• beyond tree level all parameters become scale dependent

• in order to have a global minimum we need to have            for                   
for the SM to be well-defined at scales below the cut-off 

• the running of     hits a Landau pole (coupling becomes infinite)

6
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vacuum stability boundtriviality bound
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Figure 2: Triviality or Landau pole (upper) and stability bounds (lower) for the Standard Model Higgs boson in the
mH �Q plane. Similar figures first appeared in Ref. [2], involving this kind of physics argument from Ref. [3].

Such a pole is called a Landau pole and gives us a maximum scale beyond which we cannot rely on our perturbative
theory to work. In the upper line of Figure 2 we show Qpole versus the Higgs mass, approximately computed in
Eq.(1.97). As a function of the Higgs mass Qpole gives the maximum scale were our theory is valid, which means we
have to reside below the upper line in Figure 2. Turning the argument around, for given Qpole we can read off the
maximum allowed Higgs mass which in the limit of large cutoff values around the Planck scale 10

19 GeV becomes
mH . 180 GeV.
This limit is often referred to as the triviality bound, which at first glance is precisely not what this theory is — trivial
or non-interacting. The name originates from the fact that if we want our Higgs potential to be perturbative at all
scales, the coupling � can only be zero everywhere. Any finite coupling will hit a Landau pole at some scale. Such a
theory with zero interaction is called trivial.

After looking at the ultraviolet regime we can go back to the full renormalization group equation Eq.(1.93) and ask a
completely different question: how long will � > 0 ensure that our Higgs potential is bounded from below?
This bound is called the stability bound. On the right hand side of Eq.(1.93) there are two terms with a negative sign
which in principle drive � through zero. One of them vanishes for small � ⇠ 0, so we can neglect it. In the small-�
regime we therefore encounter two finite competing terms
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The usual boundary condition at �(v2
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) is the starting point from which the top Yukawa coupling drives
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From Eq.(1.98) we see that only for energy scales below Qstable(mH) the Higgs potential is bounded from below and
our vacuum stable. For a given maximum validity scale Qstable this stability bound translates into a minimum Higgs

allowed
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• LEP2 performed precision measurements of electroweak phenomenology

• over-constrain the system of 18 free parameters by measurements and 
perform a global fit

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

Δαhad(mZ)Δα(5) 0.02758 ± 0.00035 0.02768
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.479
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.023 80.379
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.3 ± 1.1 173.4

July 2010

MH   [GeV]

July 2010

*preliminary
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ΓW*ΓW
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sin2θ−−(e−e−)sin2θMS

sin2θW(νN)sin2θW(νN)
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10 10
2

10
3

Based on combination of many indirect measurements the 
Higgs boson should be very light:
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70 GeV  mh  140 GeV
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Major production channels at hadron colliders
rule of thumb: couple the Higgs to something heavy

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q
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•
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Q •
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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However, proton constituents are practically massless
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Figure 3.46: The Higgs boson production cross sections at the Tevatron in the dominant
mechanisms as a function of MH . They are (almost) at NLO with mt = 178 GeV and the
MRST set of PDFs has been used. The scales are as described in the text.

Figure 3.47: The same as Fig. 3.46 but for the LHC.
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Gluon Fusion
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Biggest production cross section, though:
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• heavy particles in loop
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ŝ/s (91)

mf ! 1 (92)

A(gg ! H) !mf�mH
� ↵S

3⇡v
�ab

✓
gµ⌫

m2

H

2
� p⌫pµ

◆
✏µ(p)✏⌫(q) (93)

p (94)

6

h ! �
1

! �
2

! · · · ! SM (85)

A ⇠ ↵S

16⇡2

(86)

p/+mf

p2 �m2

f

' 1

mf
(87)

1

mf
(88)

mf (89)
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Higgs boson total cross-section

Slowly converging perturbative series

Large NLO (70%) and smaller NNLO (30%)
corrections,

Scale variation (∼ 15% at NNLO)
Higgs boson production at NNLO – p. 13/3

Figure 3.20: The total K factor and its various components, Kvirt, Kgg and Kqq̄, for Higgs
production in the gg fusion process as a function of MH at the LHC (left) and the Teva-
tron (right). The CTEQ6 parton densities have been adopted and the renormalization and
factorization scales are fixed to µR =µF =MH ; mt =178 GeV and mb =4.88 GeV.

Dependence on the PDFs

The central values and the uncertainty band limits of the NLO cross sections are shown for

the CTEQ, MRST and Alekhin parameterizations in Fig. 3.21 for the gg → H process. As

usual, in the inserts to these figures, we show the spread uncertainties in the predictions for

the cross sections, when normalized to the prediction of the reference CTEQ6M set.

At the LHC, the uncertainty band for the CTEQ set of PDFs decreases from the level of

about 5% at MH ∼ 100 GeV, down to the 3% level at MH ∼ 300 GeV. This is because Higgs

bosons with relatively small masses are mainly produced by asymmetric low–x–high–x gluons

with a low effective c.m. energy. To produce heavier Higgs bosons, a symmetric process in

which the participation of intermediate–x gluons with high density is needed, resulting in a

smaller uncertainty band. At higher masses, MH >∼ 300 GeV, the participation of high–x

gluons becomes more important, and the uncertainty band increases to reach the 10% level

at Higgs masses of about 1 TeV. At the Tevatron, because of the smaller c.m. energy, the

high–x gluon regime is already reached for low Higgs masses and the uncertainties increase

from 5% to 15% for MH varying between 100 GeV and 200 GeV. As discussed previously

and shown in Fig. 3.2, the MRST gluon PDF is smaller than the CTEQ one for low x and

larger for relatively high x (∼ 0.1): this explains the increasing cross section obtained with

MRST compared to the one obtained with CTEQ, for increasing Higgs masses at the LHC.

At the Tevatron the gluons are already in the high–x regime.
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k-factor between LO and NLO cross section for LO, NLO, NNLO

[Anastasiou, Melnikov, Petriello]

• NNLO calculation [Harlander, Kilgore (2001)] 

• Large K-factor at NLO, between 1.5-2.0

• Slowly converging perturbative series

• Scale variation roughly 15% at NNLO
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Weak boson fusion (WBF)

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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�̂(ŝ) = [flux factor]⇥ [phase space]⇥ [matrix element] (133)

=
1

2ŝ
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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Higgs-strahlung

• Due to PDFs relatively small at LHC

• Best search channel for a light Higgs boson at Tevatron

• However, final state gauge boson good for triggering and 
background suppression

• Probes Higgs coupling to gauge boson
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the bottom quark. The four main production processes, the Feynman diagrams of which are
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weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:
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There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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tth
• Only sizable cross section for light Higgs 

(mH < 130 GeV)
• Light Higgs decays dominantly to bb

_

• Only process to measure the Higgs-
top coupling directly

ATLAS detector and physics performance Volume I

Technical Design Report 9 April 1999
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Figure 19-i ATLAS sensitivity for the discovery of a Standard Model Higgs boson. The statistical significances

are plotted for individual channels, as well as for the combination of all channels, assuming integrated luminosi-

ties of 30 fb-1 (top) and 100 fb-1 (bottom). Depending on the numbers of signal and background events, the sta-

tistical significance has been computed as S/ or using Poisson statistics. In the case of the H ! WW*

channel, a systematic uncertainty of #5% on the total number of background events has been assumed (this

uncertainty has been included in this case, since no mass peak can be reconstructed and the Higgs boson sig-

nal has therefore to be extracted from an excess of events).
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tth - using boosted jets
[T. Plehn, G. Salam, MS]

Motivation: • sizable cross-section
• Higgs discovery contribution in low mass range
• access to t- and b-Yukawa couplings

High expectations:

[ATLAS TDR 1999]

tth major channel

given the amount of Monte Carlo data available (out to q0 between around 9 to 16, i.e., to the level of a
3 to 4! discovery). At present it is not practical to verify directly that the chi-square formula remains
valid to the 5! level (i.e., out to q0 = 25). Thus the results on discovery significance presented here rest
on the assumption that the asymptotic distribution is a valid approximation to at least the 5! level.
The validation exercises carried here out indicate that the methods used should be valid, or in some

cases conservative, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions
of the test statistic qµ at different values of µ can be determined with a manageably small number of
events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined, "s+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ⇥

√

�2ln" (0),
where " (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated

luminosity of 10 fb−1.
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating
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Partial decay width of 
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Three classes of Higgs boson decays:
1. Higgs decay into massless gauge bosons

in rest frame of a can be written as
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the width only depends on the couplings and the masses

2. Higgs decay into massive gauge bosons

3. Higgs decay into massive fermions
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1. Higgs decay into massless gauge bosons

• Effectively only top and W contribute (W dominates)

• Destructive interference between W and top

• Below WW and ff threshold W loop always dominant; falling from 
for small    to              for large 
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2.3.1 Decays into two photons

The partial width at leading order

The decay of the SM Higgs boson into two photons is mediated by W boson and heavy

charged fermion loops. The partial decay width can be cast into the form [111,176–178]

Γ (H → γγ) =
Gµ α2 M3

H
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2 π3
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(2.45)

with the form factors for spin–1
2 and spin–1 particles given by

AH
1/2(τ) = 2[τ + (τ − 1)f(τ)] τ−2

AH
1 (τ) = −[2τ 2 + 3τ + 3(2τ − 1)f(τ)] τ−2 (2.46)

and the function f(τ) defined as

f(τ) =






arcsin2
√
τ τ ≤ 1

−
1

4

[
log

1 +
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1 − τ−1

1 −
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1 − τ−1
− iπ

]2

τ > 1
(2.47)

The parameters τi = M2
H/4M2

i with i = f, W are defined by the corresponding masses of

the heavy loop particles. The electromagnetic constant in the coupling should be taken at

the scale q2 = 0 since the final state photons are real.

Since the Hff̄ coupling is proportional to mf , the contribution of light fermions is

negligible so that in the SM with three families, only the top quark and the W boson

effectively contribute to the γγ width. If the Higgs boson mass is smaller than the WW

and f f̄ pair thresholds, the amplitudes are real and above the thresholds they are complex;

Fig. 2.15. Below thresholds, the W amplitude is always dominant, falling from AH
1 = −7

for very small Higgs masses to AH
1 = −5 − 3π2/4 at the WW threshold; for large Higgs

masses the W amplitude approaches AH
1 → −2. The fermionic contributions increase from

AH
1/2 = 4/3 for small τf values to AH

1/2 ∼ 2 at the 2mf threshold; far above the fermion

threshold, the amplitude vanishes linearly in τf modulo logarithmic coefficients,

M2
H & 4m2

f : AH
1/2(τf) → −[log(4τf) − iπ]2/(2τf)

M2
H ' 4m2

f : AH
1/2(τf) → 4/3 (2.48)

In Fig. 2.16, we display the partial decay width Γ(H → γγ). The width varies rapidly

from a few KeV for MH ∼ 100 GeV to ∼ 100 KeV for MH ∼ 300 GeV as a consequence

of the growth ∝ M3
H . The contribution of the W boson loop interferes destructively with

the quark loop and for Higgs masses of about 650 GeV, the two contributions nearly cancel

each other. The contribution of the b–loop is negligible, while the t quark contribution with

mt → ∞ is a good approximation for Higgs masses below the 2mt threshold.
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Γ (H → γγ) =
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with the form factors for spin–1
2 and spin–1 particles given by

AH
1/2(τ) = 2[τ + (τ − 1)f(τ)] τ−2

AH
1 (τ) = −[2τ 2 + 3τ + 3(2τ − 1)f(τ)] τ−2 (2.46)

and the function f(τ) defined as

f(τ) =
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−
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The parameters τi = M2
H/4M2

i with i = f, W are defined by the corresponding masses of

the heavy loop particles. The electromagnetic constant in the coupling should be taken at

the scale q2 = 0 since the final state photons are real.

Since the Hff̄ coupling is proportional to mf , the contribution of light fermions is

negligible so that in the SM with three families, only the top quark and the W boson

effectively contribute to the γγ width. If the Higgs boson mass is smaller than the WW

and f f̄ pair thresholds, the amplitudes are real and above the thresholds they are complex;

Fig. 2.15. Below thresholds, the W amplitude is always dominant, falling from AH
1 = −7

for very small Higgs masses to AH
1 = −5 − 3π2/4 at the WW threshold; for large Higgs

masses the W amplitude approaches AH
1 → −2. The fermionic contributions increase from

AH
1/2 = 4/3 for small τf values to AH

1/2 ∼ 2 at the 2mf threshold; far above the fermion

threshold, the amplitude vanishes linearly in τf modulo logarithmic coefficients,

M2
H & 4m2

f : AH
1/2(τf) → −[log(4τf) − iπ]2/(2τf)

M2
H ' 4m2

f : AH
1/2(τf) → 4/3 (2.48)

In Fig. 2.16, we display the partial decay width Γ(H → γγ). The width varies rapidly

from a few KeV for MH ∼ 100 GeV to ∼ 100 KeV for MH ∼ 300 GeV as a consequence

of the growth ∝ M3
H . The contribution of the W boson loop interferes destructively with

the quark loop and for Higgs masses of about 650 GeV, the two contributions nearly cancel

each other. The contribution of the b–loop is negligible, while the t quark contribution with

mt → ∞ is a good approximation for Higgs masses below the 2mt threshold.
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ŝ = x
1

x
2

s (90)

x '
p
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2.3.1 Decays into two photons

The partial width at leading order

The decay of the SM Higgs boson into two photons is mediated by W boson and heavy

charged fermion loops. The partial decay width can be cast into the form [111,176–178]

Γ (H → γγ) =
Gµ α2 M3
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with the form factors for spin–1
2 and spin–1 particles given by

AH
1/2(τ) = 2[τ + (τ − 1)f(τ)] τ−2

AH
1 (τ) = −[2τ 2 + 3τ + 3(2τ − 1)f(τ)] τ−2 (2.46)

and the function f(τ) defined as
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The parameters τi = M2
H/4M2

i with i = f, W are defined by the corresponding masses of

the heavy loop particles. The electromagnetic constant in the coupling should be taken at

the scale q2 = 0 since the final state photons are real.

Since the Hff̄ coupling is proportional to mf , the contribution of light fermions is

negligible so that in the SM with three families, only the top quark and the W boson

effectively contribute to the γγ width. If the Higgs boson mass is smaller than the WW

and f f̄ pair thresholds, the amplitudes are real and above the thresholds they are complex;

Fig. 2.15. Below thresholds, the W amplitude is always dominant, falling from AH
1 = −7

for very small Higgs masses to AH
1 = −5 − 3π2/4 at the WW threshold; for large Higgs

masses the W amplitude approaches AH
1 → −2. The fermionic contributions increase from

AH
1/2 = 4/3 for small τf values to AH

1/2 ∼ 2 at the 2mf threshold; far above the fermion

threshold, the amplitude vanishes linearly in τf modulo logarithmic coefficients,

M2
H & 4m2

f : AH
1/2(τf) → −[log(4τf) − iπ]2/(2τf)

M2
H ' 4m2

f : AH
1/2(τf) → 4/3 (2.48)

In Fig. 2.16, we display the partial decay width Γ(H → γγ). The width varies rapidly

from a few KeV for MH ∼ 100 GeV to ∼ 100 KeV for MH ∼ 300 GeV as a consequence

of the growth ∝ M3
H . The contribution of the W boson loop interferes destructively with

the quark loop and for Higgs masses of about 650 GeV, the two contributions nearly cancel

each other. The contribution of the b–loop is negligible, while the t quark contribution with

mt → ∞ is a good approximation for Higgs masses below the 2mt threshold.
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2. Higgs decay into massive gauge bosons
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•                           follows from the longitudinal polarized vector 
component, example W:                          
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• Ratio between transverse and longitudinal polarization is                        

direct test of Higgs mechanism
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3. Higgs decay into massive fermions
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with

The partial decay width is

strong phase space suppression at threshold

h ! �
1

! �
2

! · · · ! SM (85)

A ⇠ ↵S

16⇡2

(86)

p/+mf

p2 �m2

f

' 1

mf
(87)

1

mf
(88)

mf (89)
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Figure 2.25: The SM Higgs boson decay branching ratios as a function of MH .

Figure 2.26: The SM Higgs boson total decay width as a function of MH .
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Higgs obese for large mass

Higgs very narrow 
object in low mass region
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Total width of the Higgs  boson
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Major decay channels

rule of thumb: couple the Higgs to something heavy but lighter than mH/2

Figure 2.25: The SM Higgs boson decay branching ratios as a function of MH .

Figure 2.26: The SM Higgs boson total decay width as a function of MH .

112

20

mH=125 GeV



How about backgrounds?

• Higgs production comparably rare 
at LHC

• Need huge background noise reduction

stiff trigger conditions

focus on rare objects (leptons)

precise reconstruction of objects

smart choice of observables
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� 

Understanding of the Yellow and Green bands :  
 

!  Upper limit on the Standard Model (SM) Higgs Boson production cross section divided by 
the Standard Model expectation as a function of mHiggs 

 

 µ=σ/σSM 

 this is a 95% limit using  
 the CLs method 

 observed limit (data) 

 expected limit (without Higgs) 

Eilam Gross 
https://indico.cern.ch/conferenceOtherViews.py?view=standard&confId=141983 
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I. Discovery of the Higgs(like) boson

A.

• Loop induced in production and decay
• Mainly sensitive to Htt and HWW couplings
• Excludes the resonance to be Spin-1 (Landau-Yang Theorem)
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Backgrounds'
•  Irreducible'backgrounds:'

–  Born'(a),'Box'(b),'and'isolated'
bremsstrahlung'(c).'

•  Reducible'backgrounds:'
–  QCD'with'hard'jets,'where'

neutral'hadrons'(π0,η)'fake'photons.'

–  Need'jet'suppression'at'104'level.'

•  Differen>al'rates'of'irreducible''
backgrounds'

drive''need'for'mass'resolu>on'

11/16/11' V.Rekovic,'Low'Mass'Higgs'Search'at'CMS,'HCP' 5'
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7 TeV data:
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(d)

7 + 8 TeV data:

Event selection cuts:

For 7 TeV two ECAL cluster with E  > 20 GeVT

For 8 TeV two ECAL cluster with E   > 35 GeV and E   > 25 GeVT,1 T,2

trigger level:

Reconstructed photon candidates have to be isolated in a cone  
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20

Reconstructed isolated photons are required to have p   > 40 GeV and p   > 30 GeVT,1 T,2

4.5 standard deviations at 126.5 GeV
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B.

• Probes HZZ coupling in decay. Direct test of EWSB.
• Very clean channel
• Allows precise reconstruction of resonance’s mass
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leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
p

s = 7 TeV and
p

s = 8 TeV data in the entire phase-space of the
analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relativelly small contribution of
a SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].

The uncertainties on the lepton reconstruction and
identification e�ciencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification e�ciency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4` = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4` = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation e�ciency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4` = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4` = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4` distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.

The theoretical uncertainties associated with the sig-
nal are described in detail in Section 8. For the SM
ZZ(⇤) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the e↵ect of the PDF
and ↵s uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 180 GeV, the measured ZZ(⇤) ! 4`
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(⇤) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg ! ZZ(⇤) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4`, for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

p
s = 7 TeV

and
p

s = 8 TeV data. The signal expectation for a SM Higgs with
mH = 125 GeV is also shown.

4.4. Results
The expected distributions of m4` for the background

and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined

6

Event selection:

• Single- or dilepton trigger

• All possible combinations with same-
flavor opposite-charge lepton paris 
are formed

• Staggered cuts:
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• Leptons have to be separated, isolated 
and pairwise in broad mass windows

7 TeV and 8 TeV data in Table 3. The distribution of
the m34 versus m12 invariant mass is shown in Fig. 3.
The statistical interpretation of the excess of events near
m4` = 125 GeV in Fig. 2 is presented in Section 9.

Table 3: The numbers of expected signal (mH = 125 GeV) and back-
ground events, together with the numbers of observed events in the
data, in a window of size ±5 GeV around 125 GeV, for the combinedp

s = 7 TeV and
p

s = 8 TeV data.

Signal ZZ(⇤) Z + jets, tt̄ Observed
4µ 2.09±0.30 1.12±0.05 0.13±0.04 6

2e2µ/2µ2e 2.29± 0.33 0.80±0.05 1.27±0.19 5
4e 0.90±0.14 0.44±0.04 1.09±0.20 2
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Figure 3: Distribution of the m34 versus the m12 invariant mass, be-
fore the application of the Z-mass constrained kinematic fit, for the
selected candidates in the m4` range 120–130 GeV. The expected
distributions for a SM Higgs with mH = 125 GeV (the sizes of the
boxes indicate the relative density) and for the total background (the
intensity of the shading indicates the relative density) are also shown.

5. H! �� channel

The search for the SM Higgs boson through the de-
cay H! �� is performed in the mass range between
110 GeV and 150 GeV. The dominant background is
SM diphoton production (��); contributions also come
from �+jet and jet+jet production with one or two jets
mis-identified as photons (� j and j j) and from the Drell-
Yan process. The 7 TeV data have been re-analysed and
the results combined with those from the 8 TeV data.
Among other changes to the analysis, a new category
of events with two jets is introduced, which enhances

the sensitivity to the VBF process. Higgs boson events
produced by the VBF process have two forward jets,
originating from the two scattered quarks, and tend to
be devoid of jets in the central region. Overall, the sen-
sitivity of the analysis has been improved by about 20%
with respect to that described in Ref. [95].

5.1. Event selection
The data used in this channel are selected using

a diphoton trigger [96], which requires two clusters
formed from energy depositions in the electromagnetic
calorimeter. An ET threshold of 20 GeV is applied to
each cluster for the 7 TeV data, while for the 8 TeV
data the thresholds are increased to 35 GeV on the lead-
ing (the highest ET) cluster and to 25 GeV on the sub-
leading (the next-highest ET) cluster. In addition, loose
criteria are applied to the shapes of the clusters to match
the expectations for electromagnetic showers initiated
by photons. The e�ciency of the trigger is greater than
99% for events passing the final event selection.

Events are required to contain at least one recon-
structed vertex with at least two associated tracks with
pT > 0.4 GeV, as well as two photon candidates. Pho-
ton candidates are reconstructed in the fiducial region
|⌘| < 2.37, excluding the calorimeter barrel/end-cap
transition region 1.37  |⌘| < 1.52. Photons that convert
to electron-positron pairs in the ID material can have
one or two reconstructed tracks matched to the clusters
in the calorimeter. The photon reconstruction e�ciency
is about 97% for ET > 30 GeV.

In order to account for energy losses upstream of the
calorimeter and energy leakage outside of the cluster,
MC simulation results are used to calibrate the energies
of the photon candidates; there are separate calibrations
for unconverted and converted candidates. The calibra-
tion is refined by applying ⌘-dependent correction fac-
tors, which are of the order of ±1%, determined from
measured Z! e+e� events. The leading (sub-leading)
photon candidate is required to have ET > 40 GeV
(30 GeV).

Photon candidates are required to pass identification
criteria based on shower shapes in the electromagnetic
calorimeter and on energy leakage into the hadronic
calorimeter [97]. For the 7 TeV data, this information is
combined in a neural network, tuned to achieve a sim-
ilar jet rejection as the cut-based selection described in
Ref. [95], but with higher photon e�ciency. For the
8 TeV data, cut-based criteria are used to ensure reliable
photon performance for recently-recorded data. This
cut-based selection has been tuned to be robust against
pile-up by relaxing requirements on shower shape cri-
teria more susceptible to pile-up, and tightening others.

7

3.4 standard deviations at 125 GeV
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C.

• Probes HWW coupling in decay
• Direct test of EWSB, particularly in combination with HZZ
• Backgrounds difficult to simulate (MC input very important)
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analysis include those associated with interference ef-
fects between tt̄ and single top, initial state an final state
radiation, b-tagging, and JER. The impact on the total
background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the to-
tal yield is 14%. Theoretical uncertainties on the W�
background normalisation are evaluated for each jet bin
using the procedure described in Ref. [117]. They are
±11% for the 0-jet bin and ±50% for the 1-jet bin. For
W�⇤ with m`` < 7 GeV, a k-factor of 1.3±0.3 is applied
to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for
W�⇤/WZ(⇤) with m`` > 7 GeV is 1.5 ± 0.5. These un-
certainties a↵ect mostly the 1-jet channel, where their
impact on the total background yield is approximately
4%.

Table 5: The expected numbers of signal (mH = 125 GeV) and back-
ground events after all selections, including a cut on the transverse
mass of 0.75 mH < mT < mH for mH = 125 GeV. The observed
numbers of events in data are also displayed. The eµ and µe chan-
nels are combined. The uncertainties shown are the combination of
the statistical and all systematic uncertainties, taking into account the
constraints from control samples. For the 2-jet analysis, backgrounds
with fewer than 0.01 expected events are marked with ‘-’.

0-jet 1-jet 2-jet
Signal 20± 4 5± 2 0.34± 0.07
WW 101± 13 12± 5 0.10± 0.14
WZ(⇤)/ZZ/W�(⇤) 12± 3 1.9± 1.1 0.10± 0.10
tt̄ 8± 2 6± 2 0.15± 0.10
tW/tb/tqb 3.4± 1.5 3.7± 1.6 -
Z/�⇤ + jets 1.9± 1.3 0.10± 0.10 -
W + jets 15± 7 2± 1 -
Total Background 142± 16 26± 6 0.35± 0.18
Observed 185 38 0

6.4. Results
Table 5 shows the numbers of events expected from

a SM Higgs boson with mH = 125 GeV and from the
backgrounds, as well as the numbers of candidates ob-
served in data, after application of all selection criteria
plus an additional cut on mT of 0.75 mH < mT < mH .
The uncertainties shown in Table 5 include the system-
atic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Sec-
tion 6.2. An excess of events relative to the background
expectation is observed in the data.

Figure 6 shows the distribution of the transverse mass
after all selection criteria in the 0-jet and 1-jet channels
combined, and for both lepton channels together.

The statistical analysis of the data employs a binned
likelihood function constructed as the product of Pois-
son probability terms for the eµ channel and the µe
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Figure 6: Distribution of the transverse mass, mT, in the 0-jet and
1-jet analyses with both eµ and µe channels combined, for events sat-
isfying all selection criteria. The expected signal for mH = 125 GeV is
shown stacked on top of the background prediction. The W+jets back-
ground is estimated from data, and WW and top background MC pre-
dictions are normalised to the data using control regions. The hashed
area indicates the total uncertainty on the background prediction.

channel. The mass-dependent cuts on mT described
above are not used. Instead, the 0-jet (1-jet) signal re-
gions are subdivided into five (three) mT bins. For the
2-jet signal region, only the results integrated over mT
are used, due to the small number of events in the final
sample. The statistical interpretation of the observed
excess of events is presented in Section 9.

7. Statistical procedure

The statistical procedure used to interpret the data is
described in Refs. [17, 118–121]. The parameter of in-
terest is the global signal strength factor µ, which acts as
a scale factor on the total number of events predicted by
the Standard Model for the Higgs boson signal. This
factor is defined such that µ = 0 corresponds to the
background-only hypothesis and µ = 1 corresponds
to the SM Higgs boson signal in addition to the back-
ground. Hypothesized values of µ are tested with a
statistic �(µ) based on the profile likelihood ratio [122].
This test statistic extracts the information on the signal
strength from a full likelihood fit to the data. The likeli-
hood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the CLs prescrip-
tion [123]; a value of µ is regarded as excluded at
95% CL when CLs is less than 5%. A SM Higgs bo-
son with mass mH is considered excluded at 95% confi-
dence level (CL) when µ = 1 is excluded at that mass.
The significance of an excess in the data is first quan-
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produced in association with two or more jets, the signal
contains a much larger contribution from the VBF pro-
cess compared to the ggF process, and the background
is dominated by tt production. Therefore, to maximise
the sensitivity to SM Higgs events, further selection cri-
teria depending on the jet multiplicity are applied to the
pre-selected sample. The data are subdivided into 0-jet,
1-jet and 2-jet search channels according to the num-
ber of jets in the final state, with the 2-jet channel also
including higher jet multiplicities.

Owing to spin correlations in the WW (⇤) system aris-
ing from the spin-0 nature of the SM Higgs boson and
the V-A structure of the W boson decay vertex, the
charged leptons tend to emerge from the primary ver-
tex pointing in the same direction [107]. This kinematic
feature is exploited for all jet multiplicities by requiring
that |��`` | < 1.8, and the dilepton invariant mass, m``,
be less than 50 GeV for the 0-jet and 1-jet channels. For
the 2-jet channel, the m`` upper bound is increased to
80 GeV.

In the 0-jet channel, the magnitude p``T of the trans-
verse momentum of the dilepton system, p

``
T = p

`1
T +p

`2
T ,

is required to be greater than 30 GeV. This improves the
rejection of the Drell-Yan background.

In the 1-jet channel, backgrounds from top quark pro-
duction are suppressed by rejecting events containing a
b-tagged jet, as determined using a b-tagging algorithm
that uses a neural network and exploits the topology of
weak decays of b- and c-hadrons [108]. The total trans-
verse momentum, ptot

T , defined as the magnitude of the
vector sum p

tot
T = p

`1
T + p

`2
T + p

j
T + E

miss
T , is required

to be smaller than 30 GeV to suppress top background
events that have jets with pT below the threshold defined
for jet counting. In order to reject the background from
Z! ⌧⌧, the ⌧⌧ invariant mass, m⌧⌧, is computed under
the assumptions that the reconstructed leptons are ⌧ lep-
ton decay products. In addition the neutrinos produced
in these decays are assumed to be the only source of
Emiss

T and to be collinear with the leptons [109]. Events
with |m⌧⌧ � mZ | < 25 GeV are rejected if the collinear
approximation yields a physical solution.

The 2-jet selection follows the 1-jet selection de-
scribed above, with the ptot

T definition modified to in-
clude all selected jets. Motivated by the VBF topol-
ogy, several additional criteria are applied to the tag
jets, defined as the two highest-pT jets in the event.
These are required to be separated in rapidity by a dis-
tance |�y j j| > 3.8 and to have an invariant mass, mj j,
larger than 500 GeV. Events with an additional jet with
pT > 20 GeV between the tag jets (y j1 < y < y j2) are
rejected.

A transverse mass variable, mT [110], is used to test
for the presence of a signal for all jet multiplicities. This
variable is defined as:

mT =

q
(E``T + Emiss

T )2 � |p``T + E

miss
T |2,

where E``T =
q
|p``T |2 + m2

``. The statistical analysis of
the data uses a fit to the mT distribution in the signal re-
gion after the ��`` requirement (see Section 6.4), which
results in increased sensitivity compared to the analysis
described in Ref. [111].

For a SM Higgs boson with mH = 125 GeV, the
cross section times branching ratio to the e⌫µ⌫ final
state is 88 fb for

p
s = 7 TeV, increasing to 112 fb atp

s = 8 TeV. The combined acceptance times e�ciency
of the 8 TeV 0-jet and 1-jet selection relative to the ggF
production cross section times branching ratio is about
7.4%. The acceptance times e�ciency of the 8 TeV 2-jet
selection relative to the VBF production cross section
times branching ratio is about 14%. Both of these fig-
ures are based on the number of events selected before
the final mT criterion is applied (as described in Sec-
tion 6.4).

6.2. Background normalisation and control samples
The leading backgrounds from SM processes produc-

ing two isolated high-pT leptons are WW and top (in
this section, “top” background always includes both tt̄
and single top, unless otherwise noted). These are es-
timated using partially data-driven techniques based on
normalising the MC predictions to the data in control
regions dominated by the relevant background source.
The W+jets background is estimated from data for all jet
multiplicities. Only the small backgrounds from Drell-
Yan and diboson processes other than WW, as well as
the WW background for the 2-jet analysis, are estimated
using MC simulation.

The control and validation regions are defined by se-
lections similar to those used for the signal region but
with some criteria reversed or modified to obtain signal-
depleted samples enriched in a particular background.
The term “validation region” distinguishes these regions
from the control regions that are used to directly nor-
malise the backgrounds. Some control regions have sig-
nificant contributions from backgrounds other than the
targeted one, which introduces dependencies among the
background estimates. These correlations are fully in-
corporated in the fit to the mT distribution. In the fol-
lowing sections, each background estimate is described
after any others on which it depends. Hence, the largest
background (WW) is described last.
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Figure 7: Combined search results: (a) The observed (solid) 95% CL
limits on the signal strength as a function of mH and the expec-
tation (dashed) under the background-only hypothesis. The dark
and light shaded bands show the ±1� and ±2� uncertainties on the
background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson
signal hypothesis (µ = 1) at the given mass. (c) The best-fit signal
strength µ̂ as a function of mH . The band indicates the approximate
68% CL interval around the fitted value.

provide fully reconstructed candidates with high reso-
lution in invariant mass, as shown in Figures 8(a) and
8(b). These excesses are confirmed by the highly sen-
sitive but low-resolution H!WW (⇤)! `⌫`⌫ channel, as
shown in Fig. 8(c).

The observed local p0 values from the combination
of channels, using the asymptotic approximation, are
shown as a function of mH in Fig. 7(b) for the full mass
range and in Fig. 9 for the low mass range.

The largest local significance for the combination of
the 7 and 8 TeV data is found for a SM Higgs boson
mass hypothesis of mH=126.5 GeV, where it reaches
6.0�, with an expected value in the presence of a SM
Higgs boson signal at that mass of 4.9� (see also Ta-
ble 7). For the 2012 data alone, the maximum lo-
cal significance for the H!ZZ(⇤)! 4`, H! �� and
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H!WW(⇤)! `⌫`⌫ channels. The dashed curves show the expected
local p0 under the hypothesis of a SM Higgs boson signal at that mass.
Results are shown separately for the

p
s = 7 TeV data (dark, blue), thep

s = 8 TeV data (light, red), and their combination (black).

H!WW (⇤)! e⌫µ⌫ channels combined is 4.9�, and oc-
curs at mH = 126.5 GeV (3.8� expected).

The significance of the excess is mildly sensitive to
uncertainties in the energy resolutions and energy scale
systematic uncertainties for photons and electrons; the
e↵ect of the muon energy scale systematic uncertain-
ties is negligible. The presence of these uncertainties,
evaluated as described in Ref. [138], reduces the local
significance to 5.9�.

The global significance of a local 5.9� excess any-
where in the mass range 110–600 GeV is estimated to
be approximately 5.1�, increasing to 5.3� in the range
110–150 GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].
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Figure 7: Combined search results: (a) The observed (solid) 95% CL
limits on the signal strength as a function of mH and the expec-
tation (dashed) under the background-only hypothesis. The dark
and light shaded bands show the ±1� and ±2� uncertainties on the
background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson
signal hypothesis (µ = 1) at the given mass. (c) The best-fit signal
strength µ̂ as a function of mH . The band indicates the approximate
68% CL interval around the fitted value.

provide fully reconstructed candidates with high reso-
lution in invariant mass, as shown in Figures 8(a) and
8(b). These excesses are confirmed by the highly sen-
sitive but low-resolution H!WW (⇤)! `⌫`⌫ channel, as
shown in Fig. 8(c).

The observed local p0 values from the combination
of channels, using the asymptotic approximation, are
shown as a function of mH in Fig. 7(b) for the full mass
range and in Fig. 9 for the low mass range.

The largest local significance for the combination of
the 7 and 8 TeV data is found for a SM Higgs boson
mass hypothesis of mH=126.5 GeV, where it reaches
6.0�, with an expected value in the presence of a SM
Higgs boson signal at that mass of 4.9� (see also Ta-
ble 7). For the 2012 data alone, the maximum lo-
cal significance for the H!ZZ(⇤)! 4`, H! �� and
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Figure 8: The observed local p0 as a function of the hypothesized
Higgs boson mass for the (a) H!ZZ(⇤)! 4`, (b) H! �� and (c)
H!WW(⇤)! `⌫`⌫ channels. The dashed curves show the expected
local p0 under the hypothesis of a SM Higgs boson signal at that mass.
Results are shown separately for the

p
s = 7 TeV data (dark, blue), thep

s = 8 TeV data (light, red), and their combination (black).

H!WW (⇤)! e⌫µ⌫ channels combined is 4.9�, and oc-
curs at mH = 126.5 GeV (3.8� expected).

The significance of the excess is mildly sensitive to
uncertainties in the energy resolutions and energy scale
systematic uncertainties for photons and electrons; the
e↵ect of the muon energy scale systematic uncertain-
ties is negligible. The presence of these uncertainties,
evaluated as described in Ref. [138], reduces the local
significance to 5.9�.

The global significance of a local 5.9� excess any-
where in the mass range 110–600 GeV is estimated to
be approximately 5.1�, increasing to 5.3� in the range
110–150 GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].
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7.1 Significance of the observed excess

The consistency of the observed excess with the background-only hypothesis may be judged
from Fig. 14, which shows a scan of the local p-value for the 7 and 8 TeV data sets and their
combination. The 7 and 8 TeV data sets exhibit an excess of 3.2 s and 3.8 s significance, re-
spectively, for a Higgs boson mass of approximately 125 GeV. In the overall combination the
significance is 5.0 s for mH = 125.5 GeV. Figure 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combination are the gg and ZZ decay
modes. They both have very good mass resolution, allowing good localization of the invariant
mass of a putative resonance responsible for the excess. Their combined significance reaches
5.0 s (Fig. 16). The WW decay mode has an exclusion sensitivity comparable to the gg and ZZ
decay modes but does not have a good mass resolution. It has an excess with local significance
1.6 s for mH ⇠ 125 GeV. When added to the gg and ZZ decay modes, the combined signifi-
cance becomes 5.1 s. Adding the bb and tt channels in the combination, the final significance
becomes 5.0 s. Table 6 summarises the expected and observed local p-values for a SM Higgs
boson mass hypothesis of 125.5 GeV for the various combinations of channels.

Table 6: The expected and observed local p-values, expressed as the corresponding number of
standard deviations of the observed excess from the background-only hypothesis, for mH =
125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (s) Observed (s)
gg 2.8 4.1
ZZ 3.6 3.1
tt + bb 2.4 0.4
gg + ZZ 4.7 5.0
gg + ZZ + WW 5.2 5.1
gg + ZZ + WW + tt + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV is calculated using the method

Combined results

• ATLAS has a local significance of 5.9 sigma and a 
global significance in 110-600 GeV of 5.3 sigma

Discovery

• CMS has local significance of 5.8 sigma and a 
global significance of 4.6 sigma

Discovery
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II. Higgs couplings measurements

After discovery the Higgs couplings have to be measured:

30 8 Conclusions

SMσ/σBest fit 
-1 0 1 2 3

 bb→H

ττ→H

 WW→H

 ZZ→H

γγ→H

CMS -1 = 8 TeV, L = 5.3 fbs-1 = 7 TeV, L = 5.1 fbs

 = 125.5 GeVH m

Figure 19: Values of s/sSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall s/sSM value 0.87 ± 0.23. The symbol
s/sSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
s/sSM values for individual modes; they include both statistical and systematic uncertainties.

Present status:

• CMS did fit for couplings already

• For the overall CS one has

pT,l1 > 25 GeV (308)

pT,l2 > 15 GeV (309)

Emiss

T,rel = Emiss

T sin��
miss

> 25 GeV (310)

��
min

= min(��,⇡/2) (311)

�/�
SM

= 0.87± 0.23 (312)
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• Green band indicates         
uncertainty including stat. and sys. 
uncertainties

pT,l1 > 25 GeV (308)

pT,l2 > 15 GeV (309)

Emiss

T,rel = Emiss

T sin��
miss

> 25 GeV (310)

��
min

= min(��,⇡/2) (311)

�/�
SM

= 0.87± 0.23 (312)

±1� (313)
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• Decay to photons a bit high to taus 
a bit low, but so far all in all good 
agreement with SM



• If the Higgs is SM-like it has to show up in several channels 

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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electroweak couplings, they have much smaller production cross sections than the single
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Higgs at the LHC

production decay
gg → H ZZ
qqH ZZ
gg → H WW
qqH WW
tt̄H WW (3!)
t t̄H WW (2!)
inclusive γγ
qqH γγ
t t̄H γγ
WH γγ
ZH γγ
qqH ττ (2!)
qqH ττ (1!)
t t̄H bb̄
WH/ZH bb̄ (subjet)

Total width

degeneracy σ · BR ∝ g2
p
g2
d

ΓH
(ΓH ∝ g2)

Here: ΓH = ΣSMΓi

[Lafaye, Plehn, MR, Zerwas, Dührssen 2009]
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Some couplings/channels very 
challenging:

• Higgs decay to light fermions

• Extracting 

X ! �� (151)

gg ! H (152)

�HHH (153)

HWLWL (154)

HZ� (155)

9

Channels are mutually related
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Higgs at the LHC

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Dührssen et al.]
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X ! �� (151)

gg ! H (152)

�HHH (153)

HWLWL (154)

HZ� (155)

�i ⇠ g2d (156)

9

assumed:

[Lafaye, Plehn, Rauch, Zerwas, Duehrssen (2009)]

• Every measurement affected by 
production and decay

• Need cross correlation between 
many channels!

Production

Decay into spec. 
channel

Sum of all 
possible decays
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[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was PRD 62 (2000); 
Duehrssen (2005)]
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• Huge improvement from boosted Higgs 
analysis

• also for non-b decay modes due to 
better knowledge of total width 

[Lafaye, Plehn, Rauch, Zerwas, Duehrssen (2009)]

�(Z ! ⌫̄⌫) (85)

t, u
4

, d
4

(86)

mZ/2  m⌫4  mH/2 (87)

mt0 > 552 GeV (88)

t0t̄0 ! bW+b̄W� ! bl+⌫ b̄l�⌫̄ (89)

�g

g
(90)

6

To reduce uncertainty for 
all coupling, need to 

measure b and t coupling
30
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analysis
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coupling comparison LCs vs LHC

Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error
bars) 1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and
250 fb�1 (‘HLC’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a
program with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). The marked horizontal
band represents a 5% deviation from the Standard Model prediction for the coupling.

9

[Peskin, 1207.2516] 

• ILCs better suited to measure Higgs couplings
• However, for uncertainty estimate new techniques (jet substructure) 

not taken into account

Techniques might be useful to improve on hbb and htt couplings



Do I look like a Higgs jet or 
do I look like a gluon jet?

’’Mirror, mirror on the wall ...’’
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Do I look like a Higgs jet or 
do I look like a gluon jet?

Don’t answer:
To me you just look like 

a fat jet

’’Mirror, mirror on the wall ...’’

32



Do I look like a Higgs jet or 
do I look like a gluon jet?

Don’t answer:
To me you just look like 

a fat jet

’’Mirror, mirror on the wall ...’’

Trailblazing analysis: [Butterworth, Davison, Rubin, Salam  PRL 100 (2008)]
confirmed by ATLAS [ATL-PHYS-PUB-2009-088]

Idea: [M. H. Seymour, Z. Phys. C 62, 127 (1994)]
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HV - Higgs discovery channel

p p

b
e.g.   pp -> ZH bbar

Z -> l+l-

    H -> b,bbar

Collect FSR

Reject ISR and UE
R=1.2

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]
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HV - Higgs discovery channel

mass drop:
1)  check for mass drop

mj1 < 0.66 mj

p p

b
bbar

Z -> l+l-

    H -> b,bbar

2)  check “asymmetry”

physics scenario as well as the detector performance. Im-

portant details of the new physics model include the total

cross section of new physics, the fraction of new physics

produced that can be cleanly separated from standard

model backgrounds, the fraction of this sample that has

Higgs bosons resulting from new heavy particle decays,

and the fraction of these Higgs bosons that are boosted.

Important detector performance details include the b-tag

e⇧ciency, which includes tagging a jet as well as subjets,

the jet energy resolution, fake rates, and so on.

II. BOOSTED HIGGS

A boosted Higgs boson has high transverse momenta

pt ⇤ mh. When the Higgs decays to bb̄, this high

transverse momenta causes the b-jets to be highly col-

limated. Conventional search strategies to identify the

Higgs through the reconstruction of two separate singly

b-tagged jets generally fails since it is much more likely

for the b-jets to be merged into a single jet. Going to

smaller cone size would seem prudent, except that this

has been shown to give poor mass resolution [4].

Instead, we exploit the recently developed technique

to identify subjets within a “fat jet” consistent with the

decay of a Higgs to bb̄ [1]. Identifying subjets inside a

fat jet that resulted from the decay of a massive particle

is not straightforward. Jet mass, determined by some

algorithmic prescription applied to the subjets, is one

indicator. However, the distribution that results from

ordinary QCD production still has a long tail into high

jet masses. For a jet with transverse momentum pt, jet

mass mj , and cone size R2
= �⇥2

+ �⌃2
, the leading

order di⇥erential QCD jet mass distribution goes as [5, 6]

d⇧ (R)

dptdmj
⇥ �sCi

⌅m2
j

 
ln

R2p2
t

m2
j

+O (1)

!
. (1)

The challenge is thus to reduce the QCD jet background

without losing significantly in mass resolution. Further,

when a jet with substructure is identified, we also need to

determine the “heavy particle neighborhood” – the region

to which QCD radiation from the Higgs decay products

is expected to be confined.

Analysis of jet substructure has received considerable

attention. Distinct algorithms have been proposed to

identify Higgs decaying to bb̄ [1, 7], fully hadronic decays

of top [7, 8, 9, 10], and even neutralinos decaying to three

quarks [11, 12]. Refs. [13, 14, 15] have also recently in-

troduced a more general “pruning” procedure based on

jet substructure to more easily discover heavy particles.

Our work employs a modified version of the iterative de-

composition algorithm introduced by Ref. [1], which uses

an inclusive, longitudinally invariant Cambridge/Aachen

(C/A) algorithm [16, 17, 18].

III. JET SUBSTRUCTURE ALGORITHM

The starting point to test our algorithm, both for new

physics and SM background processes, is a set of final

(post-showering and hadronization) particles. We gener-

ate signal events using Pythia v6.4 [19], while the back-

ground events are first generated at parton-level using

ALPGENv13 [20]. We use PYTHIA v6.4 for showering

and hadronization of all events. We also use the ATLAS

tune [21] in Pythia to model the underlying event. We do

not perform any detector simulation or smearing of jets.

A realistic ATLAS/CMS specific search in the spirit of

Ref. [2] is beyond the scope of this work. However, since

high pt jets result in a large amount of energy deposited

in the calorimeter cells where energy resolution is excel-

lent, we do not expect smearing to significantly modify

our results.

We group the hadronic output of Pythia into “cells” of

size �⇥��⌃ = 0.1�0.1. We sum the four momentum of

all particles in each cell and rescale the resulting three-

momentum such as to make the cells massless [8]. If the

cell energy is bigger than 1 GeV, the cells become the

inputs to the jet algorithm. We use the inclusive C/A

algorithm as implemented in FastJet [22] to cluster the

input cells in jets with R = 1.2. As we are trying to

identify the Higgs through its decay to bottom quarks,

the b-tag e⇧ciency is paramount. For simplicity we work

with a flat 60% acceptance, with a corresponding fake

rate of 2%. Our algorithm is as follows:

1. The decomposition procedure starts with a b-
tagged jet j. After undoing its last stage of clus-

tering, the two subjets j1 and j2 are labeled such

that mj1 > mj2 .

2. Following Ref. [1], subjets are checked for the ex-

istence of a significant mass drop (mj1 < µmj) as

well as non-existence of an asymmetry defined by

y =
min

“
p2

tj1
,p2

tj2

”

m2
j

�R2
j1,j2 > ycut. We use µ = 0.68

and ycut = (0.3)
2

identical to Ref. [1]. Both subjets

are required to be b-tagged and the pt of the daugh-

ter jet j greater than 30 GeV. If these conditions

are satisfied, this stage of clustering (say, i-th) is

recorded and then the following is calculated:

Si =

min

⇣
p2

tj1
, p2

tj2

⌘

�
ptj1

+ ptj2

�2 �Rj1j2 . (2)

The quantity Si is an indicator of the similarity of

the two subjets and is weighted by their separation

�Rj1j2 .

3. Replace j by j1 and repeat from step 1 as long as

j has further subjets.

4. Select the stage of clustering for which Si is the

largest. We anticipate that the two b-tagged sub-

jets, at this stage, are most likely to have originated

2

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]
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p p

b
bbar

Z -> l+l-

    H -> b,bbar

g

HV - Higgs discovery channel

Apply filtering and take 
3 hardest subjets

Use b-tagging on 2 
hardest subjets

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]
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3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

BDRS Result

• LHC 14 TeV; 30 fb-1

• HERWIG/JIMMY/Fastjet
  cross-checked with PYTHIA
  with “ATLAS tune”

• 60% b-tag; 2% mistag

• Combination of HZ and HW
  channels

Confirmed in ATLAS full detector simulation
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Higgs Selfcoupling

•          very difficult to measure at the LHC

- small rate:

• For EWSB Higgs potential needed -> measure selfcoupling

•          absolutely hopeless at LHC (and any of the others...)
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K(pp → HH+X)
√s=14 TeV

µ2 = M2 = Q2

mt = 175 GeV

Ktot
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Figure 6: K factors of the QCD-corrected gluon-fusion SM cross section σ(pp → HH +
X) at the LHC with c.m. energy

√
s = 14 TeV. The dashed lines show the individual

contributions of the four terms of the QCD corrections given in Eq. (20).

σ(pp → HH+X) [fb]
√s=14 TeV

µ2 = M2 = ξ2Q2

mt = 175 GeV
MH = 200 GeV

NLO

LO

ξ
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Figure 7: The renormalization and factorization scale dependence of the SM-Higgs pair-
production cross section at LO and NLO for a Higgs mass MH = 200 GeV.
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- potentially large backgrounds
For Higgs with 125 GeV decay to bottoms dominating. 
Thus, QCD induced g -> bb splitting gives large backgrounds.

- Destructive interference in signal

+ But naturally boosted, can jet         
substructure help?

3
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp → hh + X for different multiples of the trilinear Higgs
coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp → hh + X. We choose mt =
175 GeV as in Ref. [15], from which we also obtain the
dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

λSM =

√

η

2
mh . (4)

Note that choosing a value different from λSM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain λ in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
different from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the different contributions de-
picted in Fig. 3 becomes obvious for the differently cho-
sen Higgs self-couplings. We also learn from Fig. 3 that
the dihiggs cross section has a fairly large dependence
on the particular value of the trilinear coupling for a
mh = 125 GeV Higgs boson. The qualitative Higgs
mass dependence for different values of the trilinear self-
coupling in Fig. 3 is easy to understand: The Higgs prop-
agator in Fig. 1 (c) is always probed off-shell at fairly
large invariant masses; this renders the triangle contri-
butions subdominant compared to the box contributions
of Fig. 1 (b). For Higgs masses close to the mass of
the loop-dominating top quark, we have s ! 4m2

t , which
results in resonant contributions of the three-point func-
tions of Fig. 1 (c), well-known from one-loop gg → h
production [27]. This ameliorates the s-channel suppres-
sion of the trilinear coupling-sensitive triangle graphs and
causes the dependence of the cross section on the trilinear
coupling to become large at around mh

<∼ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
again from phase space regions characterized by s ∼ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

ment of the prospects of measurements of λ in the pp →
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

- 1/s suppression for          diagram
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh # 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches formh = 125 GeV in the pp → hh+X channel in
Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh # 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
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II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks
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Higgs pairs are produced at hadron colliders such as
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dominant of which are depicted in Fig. 1. An approxima-
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†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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FIG. 4: Sample Feynman graphs contributing to pp → hh+ j +X. Not shown are the qg, q̄g and qq̄ subprocesses.
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FIG. 5: Comparison of the pT,j spectrum for pp → hh+j+X
production. Shown are distributions for the effective interac-
tion (obtained with MadGraph v5 [34] via FeynRules [45]
and Ufo [46]), and the full one-loop matrix element calcula-
tion. We again choose mt = 172.5 GeV and mb = 4.5 GeV
using CTEQ6l1 parton densities and µF = µR = pT,j + 2mh.

bb̄W−W+ sample is generated inclusively, and is the
same sample used in the unboosted bb̄W−W+ analysis
in the previous section.
The results are shown in Tab. III. The initial back-

ground cross-section looks very large due to it being in-
clusively generated. However, once we take into account
the small branching ratio of W → τν this drops dramati-
cally. After requiring two b-tagged jets which reconstruct
the Higgs mass we are left with an S/B of nearly half for
the ξ = 1 case (and nearly one in for ξ = 0). The cross-
section is also reasonable, corresponding to 95 events for
1000 inverse femtobarns of luminosity. This channel is
hence very promising indeed.

III. HIGGS PAIR PRODUCTION IN
ASSOCIATION WITH A HARD HADRONIC JET

A. Parton-Level considerations

The qualitatively poor agreement of the effective the-
ory of Eq. (3) with the full theory persists if additional
jet radiation is included. Naively we could have expected
that accessing smaller invariant masses in the Higgs sys-
tem due to significant initial state radiation might re-
sult in a better agreement with the effective theory of
Eq. (3). However, especially for hard jet emission, which
allows the Higgs pairs to access large invariant masses
in a new collinear kinematical configuration compared
to pp → hh + X , the disagreement of full and effective
theories is large (Fig. 5).
Given these shortcomings of the effective theory, we

implement the full matrix element in the Vbfnlo frame-
work using FeynArts/FormCalc/LoopTools. We
have checked our phase space implementation for the
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III. Higgs spin and CP

Although Landau-Yang theorem rules out spin-1 particles it will be necessary to 
measure spin of Higgs.

2

pp ! X ! ZZ ! ```0`0. This can be of extreme im-
portance if the LHC is not going to reach its center-of-
mass design-energy. Hence, there is su�cient potential
to revise semihadronic decays, not only to determine the
resonance mass, but also its spin- and CP properties.

The main goal of this paper is to investigate the at-
tainable extent of sensitivity to the spin and CP quan-
tum numbers of a resonance X in the channel pp! X !
ZZ ! `+`�jj, for the selection cuts, which allow to dis-
criminate the signal from the background. To arrive at a
reliable assessment, we take into account realistic simula-
tions of both the signal and the dominating background
processes. We fix the mass and the production modes
of X, as well as its production cross section to be sim-
ilar to the SM Higgs boson expectation⇤. On the one
hand, this approach can be motivated by again referring
to unitarity constraints: Curing the growth of both the
V V ! V V and qq̄ ! WW scattering amplitudes by a
singly dominating additional resonance fixes the overall
cross section to be of the order of the SM (see e.g. [17, 18]
for non trivial examples). On the other hand, we would
like to focus on an experimental situation, which favors
the SM expectation, but leaving CP and spin properties
as an open question. For this reason, we also do not in-
clude additional dependencies of the cross section on the
width of X. The width is, in principle, an additional,
highly model-dependent parameter, which can be vastly
di↵erent from the SM Higgs boson width (e.g. in models
with EWSB by strong interactions [19, 20] or in so-called
hidden-valley models [21]). Instead, we straightforwardly
adopt the SM Higgs boson width, which then turns the
resonance considered in this paper into a “Higgs look-
alike”, to borrow the language of Ref. [8].

We organize this paper as follows: In Sec. II, we out-
line the necessary technical details of our analysis. We
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FIG. 1: Spin- and CP-sensitive angles of Ref. [25] in pp !
X ! ZZ ! µ+µ�jj. Details on the angles’ definition and on
the assignment of j↵ and j� are given in the text. An angle
analogous to �1 can be defined with respect to the leptonic
decay plane. We refer to this angle as �̃.

⇤We normalize the cross section to SM Higgs production at the
parton level.

review the e↵ective interactions, from which we com-
pute the production and the decay of the resonance X
with quantum numbers JCP = 0±, 1±, 2+. We also com-
ment on the signal and background event generation and
the chosen selection criteria, and we introduce the CP
and spin-sensitive observables and their generalization to
semihadronic final states. We discuss our numerical re-
sults in Sec. III; Sec. IV closes with a summary and gives
our conclusions.

II. DETAILS OF THE ANALYSIS

A. Spin- and CP-sensitive observables

The spin and CP properties are examined through cor-
relations in the angular distributions of the decay prod-
ucts. A commonly used (sub)set of angles is given by
the definitions of Cabibbo and Maksymowicz of Ref. [22],
which originate from similar studies of the kaon sys-
tem (see, e.g., Refs. [4, 8, 23, 24] for their application
to the X ! ZZ). In this paper we focus on the an-
gles of Ref. [25] as sensitive observables, which also have
been employed in the recent X ! 4l investigation in
Ref. [7]. We quickly recall their definition with the help
of Fig. 1: Let p↵, p� , and p± be the three-momenta of
the (sub)jets j↵ and j� and the leptons in the laboratory
frame, respectively. From these momenta, we compute
the three-momenta of the hadronically and leptonically
decaying Z bosons

pZh = p↵ + p� , pZ` = p+ + p� , (1a)

as well as the lab-frame X three-momentum

pX = p↵ + p� + p+ + p� . (1b)

In addition, we denote the normalized unit vector along
the beam axis measured in the X rest frame by êz, and
the unit vector along the ZZ decay axis in the X rest
frame by êz0 . The angles of Fig. 1 are then defined as
follows
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where the subscripts indicate the reference system, in
which the angles are evaluated. More precisely, the he-
licity angles ✓h and ✓` are defined in their mother-Z’s
rest frame, and all other angles are defined in the rest
frame of the particle X, where pZ` = �pZh . It is also
worth noting that the helicity angles correspond to the
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tainable extent of sensitivity to the spin and CP quan-
tum numbers of a resonance X in the channel pp! X !
ZZ ! `+`�jj, for the selection cuts, which allow to dis-
criminate the signal from the background. To arrive at a
reliable assessment, we take into account realistic simula-
tions of both the signal and the dominating background
processes. We fix the mass and the production modes
of X, as well as its production cross section to be sim-
ilar to the SM Higgs boson expectation⇤. On the one
hand, this approach can be motivated by again referring
to unitarity constraints: Curing the growth of both the
V V ! V V and qq̄ ! WW scattering amplitudes by a
singly dominating additional resonance fixes the overall
cross section to be of the order of the SM (see e.g. [17, 18]
for non trivial examples). On the other hand, we would
like to focus on an experimental situation, which favors
the SM expectation, but leaving CP and spin properties
as an open question. For this reason, we also do not in-
clude additional dependencies of the cross section on the
width of X. The width is, in principle, an additional,
highly model-dependent parameter, which can be vastly
di↵erent from the SM Higgs boson width (e.g. in models
with EWSB by strong interactions [19, 20] or in so-called
hidden-valley models [21]). Instead, we straightforwardly
adopt the SM Higgs boson width, which then turns the
resonance considered in this paper into a “Higgs look-
alike”, to borrow the language of Ref. [8].

We organize this paper as follows: In Sec. II, we out-
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5 angles determine the kinematics of the process
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,

16

*θcos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

2000

4000

6000

*θcos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

2000

4000

6000

1Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

2000

4000

6000

1Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

2000

4000

6000

2θ or cos1θcos
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

2000

4000

6000

8000

2θ or cos1θcos
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

2000

4000

6000

8000

Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

2000

4000

6000

Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

2000

4000

6000

*θcos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

1000

2000

3000

*θcos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

1000

2000

3000

1Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

500

1000

1500

2000

1Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

500

1000

1500

2000

2θ or cos1θcos
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

1000

2000

2θ or cos1θcos
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

1000

2000

Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

500

1000

1500

2000

Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

500

1000

1500

2000

*θcos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

5000

10000

*θcos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

5000

10000

1Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

1000

2000

3000

1Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

1000

2000

3000

2θ or cos1θcos
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

2000

4000

2θ or cos1θcos
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

2000

4000

Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

1000

2000

3000

Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

1000

2000

3000

*θcos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

5000

10000

*θcos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

5000

10000

1Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

1000

2000

3000

4000

1Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

1000

2000

3000

4000

2θ or cos1θcos
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

2000

4000

2θ or cos1θcos
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

( 0
.0

8 
)

0

2000

4000

Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

1000

2000

3000

4000

Φ
-2 0 2

Ev
en

ts
 / 

( 0
.2

1 
)

0

1000

2000

3000

4000

FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,
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III. Higgs spin and CP

[Choi, Miller, Muehlleitner, 
Zerwas PLB 553 (2003)]
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Figure 3: The threshold behaviour of the differential distribution dΓ/dM∗ for the Standard
Model and two possible examples of spin-1 [b1 = 1/MH , b2 = 1/M3

H , b3 = 1/MH and
b4 = 1/MH] and spin-2 [c1 = 0, c2 = 1/M2

H , c3 = 1/M2
H , c4 = 1/M2

H and c5 = 1/M4
H ] even

normality bosons, with a Higgs boson mass of 150 GeV. The histogram for the Standard Model
shows the expected result from 203 signal events corresponding to an integrated luminosity of
∫

L dt = 300 fb−1 at LHC [with efficiencies and cuts included according to the experimental
simulation Ref.[10]]. The curves show the exact theoretical dependences for such scenarios,
appropriately normalised.

T (2)
µνβiβj

isomorphic with the spin-2 tensor and a symmetric tensor built up by the momentum

vectors kβk = (k1 − k2)βk as required by the properties of the spin–J wave-function εβ1...βJ .
Contracted with the wave–function, the extra J − 2 momenta give rise to a leading power
βJ−2 in the helicity amplitudes. The invariant mass spectrum therefore decreases near
threshold ∼ β2J−3, i.e. with a power ≥ 3, in contrast to the single power of the Standard
Model.
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For the Higgs with                     the 
invariant mass of the reconstructed 
off-shell Z can be studied to measure 
the spin of the Higgs:

[Boughezal, LeCompte, Petriello 1208.4311]

FIG. 1: The normalized decay width 1/Γtot × d2Γ/(dM2
12dM

2
34) as a function of M34 for the spin-0

CP-even and CP-odd states 0++ and 0−+, the spin-2 graviton 2G, and the alternate spin-two state
2A. The parameter choices are described in the text.

and for simplicity have set M12 = MZ . The lower invariant mass M34 is shown in the range

M34 ∈ [17.5GeV,MH−MZ ], where the upper limit corresponds to the kinematically allowed

maximum, and the lower limit to that set by ATLAS. CMS sets their lower limit to 12 GeV.

The normalization of the decay widths is performed by dividing the expressions presented in

the previous section by their integrals over the allowed range in M34. The shape difference

induced by the differing βn behavior of the various states is clear in the plot. The 0−+ and

2A states are peaked toward lower M34, the 0++ state is flat, and the 2G is peaked toward

high M34.

It is now simple to construct a single variable capable of discriminating between various

hypotheses. We begin by considering the discrimination between the 0++ and 2A states.

The two distributions cross at an invariant mass M34 ≈ 26 GeV. It is intuitively clear that

we should compare the integrals of the two distributions above and below the crossing point.

We form the asymmetry defined in Eq. (1) with Mcut = 26 GeV. Choosing Mcut to be the

crossover point can be shown to maximize the sensitivity to the different hypotheses. We

compute this for the two states under consideration and find the following results:

Asig
26 (0

++) = −0.078, Asig
26 (2

A) = −0.57. (12)

7

the following inequality: M34 ≤ MH −M12. The fall-off of the M34 distribution as this upper

limit is approached is sensitive to the spin and CP nature of the heavy resonance. Denoting

the momentum of the 34-pair in the H rest frame as β, for a pure CP-even spin-zero state

this distribution decreases linearly in β. For a pure CP-odd spin-zero state, it falls off as

β3. For spin-two states, it falls off as either β, β3, or β5, depending on the couplings of this

state to spin-one particles. Measurement of this distribution provides a powerful handle on

the couplings of this new state.

The sensitivity of the M34 distribution to the identity of resonances decaying to a pair

of Z-bosons has been discussed before in the literature [24]. We sharpen and extend this

observation by defining a class of asymmetries that provide strong discrimination against

various hypotheses for spin, CP and couplings. These “high-low” asymmetries are defined

as follows:

AMcut
=

N(M34 > Mcut)−N(M34 < Mcut)

N(M34 > Mcut) +N(M34 < Mcut)
. (1)

For a given M12, M34 ∈ [Mlow,MH −M12], where Mlow is determined by the experimental

cuts. N denotes the number of events in the indicated range of M34, and Mcut can be chosen

to provide discrimination between various hypotheses for the βn fall-off. The measurement

of A is advantageous for several reasons. The variables M12 and M34 are exactly those

used in the discovery of the new state, making it easy to perform this analysis quickly with

the existing data. The background in this channel is fairly low. With very few events the

allowed spin and CP combinations are already reduced by measuring A. In this paper we

investigate this idea in the following ways

• We provide the decay widths differential in M12 and M34 in several reference models

for use in experimental studies.

• We outline a program of analyses that can exclude various spin, CP and coupling

hypotheses.

• We demonstrate using the public ATLAS and CMS data that several spin-2 coupling

possibilities are already disfavored.

A word of caution on the last item is necessary. Even in an an analysis this simple, there

are details, subtleties and systematic effects in interpreting the data that can only be prop-

erly treated by the experimental collaborations. Conclusive evidence for or exclusion of a

hypothesis can only be provided by ATLAS and CMS. Our goal here is only to demonstrate

the power of the A analysis using the available data as an example. We encourage the

experimental collaborations to perform a thorough and conclusive study.

Our paper is organized as follows. We present the differential decay widths for several

representative spin and CP combinations in Section II. We discuss the construction of the

asymmetry in Section III, and show how the current ATLAS data can be used to discriminate

3

cut



• For light Higgs with 125 GeV CP can be measured using angular 
correlations of tagging jets in Gluon Fusion with 2 additional jets

[Englert, MS, Takeuchi 1203.5788]

Gluon-Fusion

[Plehn, Rainwater, Zeppenfeld PRL 88 (2002)]
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• Event shape observables can be used to measure CP of Higgs

CP of Higgs: 2 options for light Higgs

3

fall into the vicinity of two reconstructed kT jets [48]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

Typical selection cuts which are used to suppress
the contributing backgrounds often involve the require-
ment that the tagging jets fall into opposite hemispheres
yj1 · yj2 < 0 while the Higgs is produced in the central
part of the detector. Observing CP sensitivity in the
��jj distribution suggests that broadening observables
[49] also carry information about the Higgs CP. We di-
vide the event up according to the transverse thrust axis

region D: p?,i · nT > 0
region U : p?,i · nT < 0

(5a)

and compute the weighted pseudorapidity and azimuthal
angle

⌘X =
P

i |q?,i| ⌘iP
i |q?,i| , �X =

P
i |q?,i|�iP

i |q?,i| ,

X = U, D. (5b)

⌘i and �i are the pseudorapidity and azimuthal angle of
the vector i respectively. From these we can compute the
broadenings of the U and D regions

BX =
1

QT

X

i2X

|q?,i|
p

(⌘i � ⌘X)2 + (�i � �X)2 ,

X = U, D (5c)

where

QT =
X

i

|q?,i| . (5d)

The central total broadening and wide broadening

are defined as [41, 44]

central total broadening: BT = BU + BD ,

wide broadening: BW = max {BU , BD} .
(5e)

The observables Eqs. (2), (3), and (5) do not exhaust
the list of existing event shapes by far but they are suf-
ficient for the purpose of this work.

III. ELEMENTS OF THE ANALYSIS

A. Event generation

Signal

Event shapes are known to be well-reproduced by
matched shower Monte Carlo programs [41]. Therefore,
we generate MLM-matched [50] scalar Hjj and pseu-
doscalar Ajj samples with MadEvent v4 [51] in the
e↵ective ggH and ggA coupling approximation [52]

L =
↵s

12⇡v
HGa

µ⌫Ga µ⌫ +
↵s

16⇡v
AGa

µ⌫G̃a µ⌫ , (6)

where Ga
µ⌫ , G̃a

µ⌫ are the gluon field strength and the
dual field strength tensor, respectively, and v denotes
the Higgs vacuum expectation value. We subsequently
shower the events with Pythia [53]. We normalize the
event samples to the NLO QCD cross section, which we
obtain by running Mcfm [54] for the gluon fusion contri-
butions, and Vbfnlo [55] for the weak boson fusion con-
tributions. The interference e↵ects are known to be neg-
ligible for weak boson fusion cuts [56]. Note that there is
no WBF contribution for the CP odd scalar A. Nonethe-
less it is customary to analyze Ajj and Hjj samples for
identically chosen normalizations to study the prospects
of discriminating “Higgs-lookalike” scenarios [57, 58].

We find a total Higgs-inclusive normalization (consid-
ering

p
s = 14 TeV) of �H = 3.2 pb. For the CP odd

scalar we use �A = 2.1 pb which adopts the NLO QCD
gluon fusion K factor of CP even Higgs production. In
Sec. IVB we also discuss our results for identical nor-
malizations, which focuses on the discriminating power
of di↵erent shapes instead of a combination of shapes and
di↵erent total cross sections. The ditau branching ratio
to light opposite lepton flavors is approximately 6.2%.

Backgrounds

We focus on the two main backgrounds to our anal-
ysis [29], i.e. tt̄+jets and Zjj production, where the
Z boson decays to taus. We generate our CKKW-
matched [59] event samples with Sherpa [60]. We
again obtain NLO QCD normalizations of the Zjj sam-
ple from a combination of Mcfm and Vbfnlo for the
QCD and EW production modes, respectively, and find
�(Z ! ⌧+⌧�) = 0.23 pb. For the tt̄ sample we extract
the NNLO-inclusive tt̄ K factor from the cross section
�NNLO

tt̄ = 918 pb [33] in comparison with the cross sec-
tion by Sherpa after generator-level cuts �tt̄ = 888.27 fb,
which already requires the tau leptons to reconstruct
mH = 125 GeV within 50 GeV.

B. Selection Cuts and Analysis Strategy

The purpose of this paper is a comparison of the CP
and GF/WBF discriminative power of the observables of
Sec. II. The possibility to perform Higgs searches in this
channel has already been demonstrated in the literature
[29, 40] and so we have a situation in mind, when the
Higgs is well established in this particular channel, i.e.
has a large enough significance S/

p
B with reasonable

signal-to-background ratio S/B. Hence we apply selec-
tion strategies and e�ciencies which closely follow the
parton-level analysis of Ref. [29] to obtain an estimate
of S/B, but our selection should be understood as place-
holder for a dedicated cut setup. The experiments S/B
will hence be di↵erent, yet the impact of S/B on the ob-
servables of Sec. II is identical and a comparison is still
meaningful.
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Event shapes

• Event shapes well studied experimentally and theoretically

• Event shape measurements established in experimental 
collaborations already now 
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Higgs couplings to electroweak gauge bosons is pp →
Higgs+2 jets (with subsequent Higgs decay). In this
channel, it is particularly difficult to separate gluon fu-
sion from the weak boson fusion contribution since both
production modes exhibit similar cross sections for typ-
ical event selection cuts [22, 23]. Because gp " gp,GF +
gp,WBF in Eq. (1), the uncertainties of different Higgs
couplings obtained from experimental analyses in this
channel are correlated and the extraction of the individ-
ual couplings becomes challenging [20].

For a 125 GeV SM Higgs-like resonance, we have to
face the phenomenological impediment that standard
CP analyses [24] of the so-called gold-plated final state
H → ZZ → 4! [25], which employ strategies closely re-
lated to the one proposed by Cabibbo and Maksymowicz
in the context of kaon physics [26–28] are statistically
limited even at

√
s = 14 TeV. Instead, the jet-azimuthal

angle correlation in Higgs+2 jets events with H → τ+τ−

has been put forward as an excellent probe of the CP
nature of the Higgs boson in series of seminal papers
[19, 29, 30]. Since then a lot of effort has been de-
voted to theoretical and phenomenological refinements of
this important channel. These range from precise (fixed
higher order QCD) predictions of the contributing signal
and background processes [23, 31–34] over resummation
[35, 36] to the generalization to the other important final
state for a light Higgs, H → WW [37]. Only recently,
the pp → Hjj → τ+τ−jj channel was studied for the
first time at the LHC to derive bounds on the SM Higgs
boson production cross section [38]. This impressively
demonstrates that experimental systematics in this im-
portant channel are well under control, already now with
early data.

The azimuthal angle correlation of the tagging jets as
a CP-discriminative observable can be rephrased in the
following way: Once the Higgs is identified, the hadronic
energy flow of the event depends on the CP quantum
number of the produced Higgs. The correlation of in
the azimuthal angle should also be reflected in the global
structure of softer tracks, which do not give rise to re-
solved jets. It is precisely the hadronic energy flow which
is captured by event shape observables in theoretically fa-
vorable way [39], turning them into natural candidates to
be considered among the CP-discriminative observables
in the context of CP analyses. From a perturbative QCD
point of view, the phenomenology of event shapes [39]
possesses a number of advantages over “traditional” jet-
based observables. In particular, provided that the ob-
servables are “continuously global” [40, 41], they can be
resummed to NLL beyond the leading color approxima-
tion. Therefore, event shapes offer a good theoretical
handle to potentially reduce perturbative uncertainties.

We organize this work in the following way: Sec. II
briefly reviews the hadronic event shape and the ∆Φjj

observables, which we consider in the course of this paper.
We outline the details of our analysis in Sec. III. We
discuss the sensitivity of event shapes in CP analyses of
Higgs+2 jets events in Sec. IV, where we also investigate

the possibility to distinguish WBF from GF invoking the
same observables. Before we give our conclusions and an
outlook in Sec. V, we briefly comment on pile-up issues
that can arise in the suggested analysis in Sec. IVD.

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

Event shapes quantify geometrical properties of the fi-
nal state’s energy flow†. An event shape, which is well-
known from QCD measurements performed during the
LEP era [42, 43] is thrust T [44]. In its formulation in
the beam-transverse plane this observable is also mean-
ingful at hadron colliders,

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

The subscript g indicates that this is a continuously
global observable [41]. The three vectors p⊥,i are the
beam-transverse momentum components of the particle i
(i.e. a Atlas topocluster or a Cms particle flow object),
while the sum runs over all detected particles (typically
in |ηi| ≤ 4.5). In a nutshell, T⊥,g measures how circularly
symmetric (T⊥,g = 0.5) or how pencil-like (T⊥,g → 1) an
event appears to be in the transverse plane. The vec-
tor nT in the transverse plane that maximizes Eq. (2) is
called the transverse thrust axis.
Another event shape, familiar from e+e− physics,

which can be straightforwardly adapted to hadron col-
lider physics analogous to Eq. (2) is thrust minor

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

Tm,g provides a measure of the energy flow in the trans-
verse plane perpendicular to nT .
As already mentioned, the tagging jet azimuthal angle

correlation is a CP-discriminative observable in Higgs+2
jets production. ∆Φjj can be defined as the angle be-
tween all jets j with rapidity smaller and all jets with
rapidity larger than the reconstructed Higgs [23, 35]

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
fall into the vicinity of two reconstructed kT jets [45]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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The subscript g indicates that this is a continuously
global observable [41]. The three vectors p⊥,i are the
beam-transverse momentum components of the particle i
(i.e. a Atlas topocluster or a Cms particle flow object),
while the sum runs over all detected particles (typically
in |ηi| ≤ 4.5). In a nutshell, T⊥,g measures how circularly
symmetric (T⊥,g = 0.5) or how pencil-like (T⊥,g → 1) an
event appears to be in the transverse plane. The vec-
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called the transverse thrust axis.
Another event shape, familiar from e+e− physics,

which can be straightforwardly adapted to hadron col-
lider physics analogous to Eq. (2) is thrust minor
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. (3)

Tm,g provides a measure of the energy flow in the trans-
verse plane perpendicular to nT .
As already mentioned, the tagging jet azimuthal angle

correlation is a CP-discriminative observable in Higgs+2
jets production. ∆Φjj can be defined as the angle be-
tween all jets j with rapidity smaller and all jets with
rapidity larger than the reconstructed Higgs [23, 35]

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
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j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
fall into the vicinity of two reconstructed kT jets [45]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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Higgs couplings to electroweak gauge bosons is pp →
Higgs+2 jets (with subsequent Higgs decay). In this
channel, it is particularly difficult to separate gluon fu-
sion from the weak boson fusion contribution since both
production modes exhibit similar cross sections for typ-
ical event selection cuts [22, 23]. Because gp " gp,GF +
gp,WBF in Eq. (1), the uncertainties of different Higgs
couplings obtained from experimental analyses in this
channel are correlated and the extraction of the individ-
ual couplings becomes challenging [20].

For a 125 GeV SM Higgs-like resonance, we have to
face the phenomenological impediment that standard
CP analyses [24] of the so-called gold-plated final state
H → ZZ → 4! [25], which employ strategies closely re-
lated to the one proposed by Cabibbo and Maksymowicz
in the context of kaon physics [26–28] are statistically
limited even at

√
s = 14 TeV. Instead, the jet-azimuthal

angle correlation in Higgs+2 jets events with H → τ+τ−

has been put forward as an excellent probe of the CP
nature of the Higgs boson in series of seminal papers
[19, 29, 30]. Since then a lot of effort has been de-
voted to theoretical and phenomenological refinements of
this important channel. These range from precise (fixed
higher order QCD) predictions of the contributing signal
and background processes [23, 31–34] over resummation
[35, 36] to the generalization to the other important final
state for a light Higgs, H → WW [37]. Only recently,
the pp → Hjj → τ+τ−jj channel was studied for the
first time at the LHC to derive bounds on the SM Higgs
boson production cross section [38]. This impressively
demonstrates that experimental systematics in this im-
portant channel are well under control, already now with
early data.

The azimuthal angle correlation of the tagging jets as
a CP-discriminative observable can be rephrased in the
following way: Once the Higgs is identified, the hadronic
energy flow of the event depends on the CP quantum
number of the produced Higgs. The correlation of in
the azimuthal angle should also be reflected in the global
structure of softer tracks, which do not give rise to re-
solved jets. It is precisely the hadronic energy flow which
is captured by event shape observables in theoretically fa-
vorable way [39], turning them into natural candidates to
be considered among the CP-discriminative observables
in the context of CP analyses. From a perturbative QCD
point of view, the phenomenology of event shapes [39]
possesses a number of advantages over “traditional” jet-
based observables. In particular, provided that the ob-
servables are “continuously global” [40, 41], they can be
resummed to NLL beyond the leading color approxima-
tion. Therefore, event shapes offer a good theoretical
handle to potentially reduce perturbative uncertainties.

We organize this work in the following way: Sec. II
briefly reviews the hadronic event shape and the ∆Φjj

observables, which we consider in the course of this paper.
We outline the details of our analysis in Sec. III. We
discuss the sensitivity of event shapes in CP analyses of
Higgs+2 jets events in Sec. IV, where we also investigate

the possibility to distinguish WBF from GF invoking the
same observables. Before we give our conclusions and an
outlook in Sec. V, we briefly comment on pile-up issues
that can arise in the suggested analysis in Sec. IVD.

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

Event shapes quantify geometrical properties of the fi-
nal state’s energy flow†. An event shape, which is well-
known from QCD measurements performed during the
LEP era [42, 43] is thrust T [44]. In its formulation in
the beam-transverse plane this observable is also mean-
ingful at hadron colliders,

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

The subscript g indicates that this is a continuously
global observable [41]. The three vectors p⊥,i are the
beam-transverse momentum components of the particle i
(i.e. a Atlas topocluster or a Cms particle flow object),
while the sum runs over all detected particles (typically
in |ηi| ≤ 4.5). In a nutshell, T⊥,g measures how circularly
symmetric (T⊥,g = 0.5) or how pencil-like (T⊥,g → 1) an
event appears to be in the transverse plane. The vec-
tor nT in the transverse plane that maximizes Eq. (2) is
called the transverse thrust axis.
Another event shape, familiar from e+e− physics,

which can be straightforwardly adapted to hadron col-
lider physics analogous to Eq. (2) is thrust minor

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

Tm,g provides a measure of the energy flow in the trans-
verse plane perpendicular to nT .
As already mentioned, the tagging jet azimuthal angle

correlation is a CP-discriminative observable in Higgs+2
jets production. ∆Φjj can be defined as the angle be-
tween all jets j with rapidity smaller and all jets with
rapidity larger than the reconstructed Higgs [23, 35]

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
fall into the vicinity of two reconstructed kT jets [45]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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Typical selection cuts which are used to suppress
the contributing backgrounds often involve the require-
ment that the tagging jets fall into opposite hemispheres
yj1 · yj2 < 0 while the Higgs is produced in the central
part of the detector. Observing CP sensitivity in the
∆Φjj distribution suggests that broadening observables
[46] also carry information about the Higgs CP. We di-
vide the event up according to the transverse thrust axis

region D: p⊥,i · nT > 0

region U : p⊥,i · nT < 0
(5a)

and compute the weighted pseudorapidity and azimuthal
angle

ηX =

∑
i |q⊥,i| ηi∑
i |q⊥,i|

, φX =

∑
i |q⊥,i|φi∑
i |q⊥,i|

,

X = U,D. (5b)

ηi and φi are the pseudorapidity and azimuthal angle of
the vector i respectively. From these we can compute the
broadenings of the U and D regions

BX =
1

QT

∑

i∈X

|q⊥,i|
√
(ηi − ηX)2 + (φi − φX)2 ,

X = U,D (5c)

where

QT =
∑

i

|q⊥,i| . (5d)

The central total broadening and wide broadening
are defined as [39, 42]

central total broadening: BT = BU +BD ,

wide broadening: BW = max {BU , BD} .
(5e)

The observables Eqs. (2), (3), and (5) do not exhaust
the list of existing event shapes by far but they are suf-
ficient for the purpose of this work.

III. ELEMENTS OF THE ANALYSIS

A. Event generation

Signal

Event shapes are known to be well-reproduced by
matched shower Monte Carlo programs [39]. Therefore,
we generate MLM-matched [47] scalar Hjj and pseu-
doscalar Ajj samples with MadEvent v4 [48] in the ef-
fective ggH and ggA coupling approximation and shower
the events with Pythia [49]. We normalize the event
samples to the NLO QCD cross section, which we obtain
by running Mcfm [50] for the gluon fusion contributions,

and Vbfnlo [51] for the weak boson fusion contribu-
tions. The interference effects are known to be negligible
for weak boson fusion cuts [52]. Note that there is no
WBF contribution for the CP odd scalar A. Nonethe-
less it is customary to analyze Ajj and Hjj samples for
identically chosen normalizations to study the prospects
of discriminating “Higgs-lookalike” scenarios [53, 54].
We find a total Higgs-inclusive normalization (consid-

ering
√
s = 14 TeV) of σH = 3.2 pb. For the CP odd

scalar we use σA = 2.1 pb which adopts the NLO QCD
gluon fusion K factor of CP even Higgs production. In
Sec. IVB we also discuss our results for identical nor-
malizations, which focuses on the discriminating power
of different shapes instead of a combination of shapes and
different total cross sections. The ditau branching ratio
to light opposite lepton flavors is approximately 6.2%.

Backgrounds

We focus on the two main backgrounds to our anal-
ysis [29], i.e. tt̄+jets and Zjj production, where the
Z boson decays to taus. We generate our CKKW-
matched [55] event samples with Sherpa [56]. We
again obtain NLO QCD normalizations of the Zjj sam-
ple from a combination of Mcfm and Vbfnlo for the
QCD and EW production modes, respectively, and find
σ(Z → τ+τ−) = 0.23 pb. For the tt̄ sample we extract
the NNLO-inclusive tt̄ K factor from the cross section
σNNLO
tt̄ = 918 pb [33] in comparison with the cross sec-

tion by Sherpa after generator-level cuts σtt̄ = 888.27 fb,
which already requires the tau leptons to reconstruct
mH = 125 GeV within 50 GeV.

B. Selection Cuts and Analysis Strategy

Our event selection follows closely the parton-level
analysis of Ref. [29]. We reconstruct jets with the anti-
kT jet algorithm [57] with parameter D = 0.4 as imple-
mented in FastJet [58]. We additionally impose typical
weak boson fusion cuts to suppress the background to a
manageable level. More specifically, we require at least
two jets with

pT,j ≥ 40 GeV, and |yj| ≤ 4.5 , (6a)

and the two hardest (“tagging”) jets in the event are
required to have a large invariant mass

mjj =
√
(pj,1 + pj,2)2 ≥ 600 GeV . (6b)

After these cuts the signal is still dominated by the
tt̄+jets background. This background, however, can be
efficiently suppressed with a b veto from the top decay.
The reconstructed taus need to be hard and central to

guarantee a good reconstruction efficiency

pT,τ ≥ 20 GeV, and |yτ | ≤ 2.5 . (7a)
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tt̄+ jets Z+2 jets H+2 jets A+2 jets
σ [fb] σ [fb] σ [fb] σ [fb]

pT,j ≥ 40 GeV, |yj | ≤ 4.5, nj ≥ 2
2132.46 8.52 6.21 4.12

pT,τ ≥ 20 GeV, |ητ | ≤ 2.5 nτ = 2

mjj ≥ 600 GeV 145.68 3.98 4.12 1.87

|mττ −mH | < 20 GeV, |yH | ≤ 2.5 99.86 2.29 3.99 1.82

∃ ja, jb : yja < yh < yjb 88.33 1.65 3.81 1.59

b-veto 5.10 1.65 3.81 1.59

TABLE I: Cut flow of the analysis as described in Sec. III B. For Z+2 jets, H+2 jets and A+2 jets we normalize to their NLO
QCD cross section. The tt̄ production cross section we normalize to the NNLO QCD cross section given in [33]. We neglect
tau reconstruction efficiencies throughout. For the b-veto we assume a flat efficiency analogous to [29].
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FIG. 1: Normalized distributions of ∆Φjj

and of the event shape observables of Sec. II.
The cuts of Sec. III B have been applied.

2

Higgs couplings to electroweak gauge bosons is pp →
Higgs+2 jets (with subsequent Higgs decay). In this
channel, it is particularly difficult to separate gluon fu-
sion from the weak boson fusion contribution since both
production modes exhibit similar cross sections for typ-
ical event selection cuts [22, 23]. Because gp " gp,GF +
gp,WBF in Eq. (1), the uncertainties of different Higgs
couplings obtained from experimental analyses in this
channel are correlated and the extraction of the individ-
ual couplings becomes challenging [20].

For a 125 GeV SM Higgs-like resonance, we have to
face the phenomenological impediment that standard
CP analyses [24] of the so-called gold-plated final state
H → ZZ → 4! [25], which employ strategies closely re-
lated to the one proposed by Cabibbo and Maksymowicz
in the context of kaon physics [26–28] are statistically
limited even at

√
s = 14 TeV. Instead, the jet-azimuthal

angle correlation in Higgs+2 jets events with H → τ+τ−

has been put forward as an excellent probe of the CP
nature of the Higgs boson in series of seminal papers
[19, 29, 30]. Since then a lot of effort has been de-
voted to theoretical and phenomenological refinements of
this important channel. These range from precise (fixed
higher order QCD) predictions of the contributing signal
and background processes [23, 31–34] over resummation
[35, 36] to the generalization to the other important final
state for a light Higgs, H → WW [37]. Only recently,
the pp → Hjj → τ+τ−jj channel was studied for the
first time at the LHC to derive bounds on the SM Higgs
boson production cross section [38]. This impressively
demonstrates that experimental systematics in this im-
portant channel are well under control, already now with
early data.

The azimuthal angle correlation of the tagging jets as
a CP-discriminative observable can be rephrased in the
following way: Once the Higgs is identified, the hadronic
energy flow of the event depends on the CP quantum
number of the produced Higgs. The correlation of in
the azimuthal angle should also be reflected in the global
structure of softer tracks, which do not give rise to re-
solved jets. It is precisely the hadronic energy flow which
is captured by event shape observables in theoretically fa-
vorable way [39], turning them into natural candidates to
be considered among the CP-discriminative observables
in the context of CP analyses. From a perturbative QCD
point of view, the phenomenology of event shapes [39]
possesses a number of advantages over “traditional” jet-
based observables. In particular, provided that the ob-
servables are “continuously global” [40, 41], they can be
resummed to NLL beyond the leading color approxima-
tion. Therefore, event shapes offer a good theoretical
handle to potentially reduce perturbative uncertainties.

We organize this work in the following way: Sec. II
briefly reviews the hadronic event shape and the ∆Φjj

observables, which we consider in the course of this paper.
We outline the details of our analysis in Sec. III. We
discuss the sensitivity of event shapes in CP analyses of
Higgs+2 jets events in Sec. IV, where we also investigate

the possibility to distinguish WBF from GF invoking the
same observables. Before we give our conclusions and an
outlook in Sec. V, we briefly comment on pile-up issues
that can arise in the suggested analysis in Sec. IVD.

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

Event shapes quantify geometrical properties of the fi-
nal state’s energy flow†. An event shape, which is well-
known from QCD measurements performed during the
LEP era [42, 43] is thrust T [44]. In its formulation in
the beam-transverse plane this observable is also mean-
ingful at hadron colliders,

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

The subscript g indicates that this is a continuously
global observable [41]. The three vectors p⊥,i are the
beam-transverse momentum components of the particle i
(i.e. a Atlas topocluster or a Cms particle flow object),
while the sum runs over all detected particles (typically
in |ηi| ≤ 4.5). In a nutshell, T⊥,g measures how circularly
symmetric (T⊥,g = 0.5) or how pencil-like (T⊥,g → 1) an
event appears to be in the transverse plane. The vec-
tor nT in the transverse plane that maximizes Eq. (2) is
called the transverse thrust axis.
Another event shape, familiar from e+e− physics,

which can be straightforwardly adapted to hadron col-
lider physics analogous to Eq. (2) is thrust minor

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

Tm,g provides a measure of the energy flow in the trans-
verse plane perpendicular to nT .
As already mentioned, the tagging jet azimuthal angle

correlation is a CP-discriminative observable in Higgs+2
jets production. ∆Φjj can be defined as the angle be-
tween all jets j with rapidity smaller and all jets with
rapidity larger than the reconstructed Higgs [23, 35]

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
fall into the vicinity of two reconstructed kT jets [45]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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pµj , pµ> =
∑
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(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
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tt̄+ jets Z+2 jets H+2 jets A+2 jets
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pT,j ≥ 40 GeV, |yj | ≤ 4.5, nj ≥ 2
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|mττ −mH | < 20 GeV, |yH | ≤ 2.5 99.86 2.29 3.99 1.82

∃ ja, jb : yja < yh < yjb 88.33 1.65 3.81 1.59

b-veto 5.10 1.65 3.81 1.59

TABLE I: Cut flow of the analysis as described in Sec. III B. For Z+2 jets, H+2 jets and A+2 jets we normalize to their NLO
QCD cross section. The tt̄ production cross section we normalize to the NNLO QCD cross section given in [33]. We neglect
tau reconstruction efficiencies throughout. For the b-veto we assume a flat efficiency analogous to [29].
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FIG. 1: Normalized distributions of ∆Φjj

and of the event shape observables of Sec. II.
The cuts of Sec. III B have been applied.
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gp,WBF in Eq. (1), the uncertainties of different Higgs
couplings obtained from experimental analyses in this
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[35, 36] to the generalization to the other important final
state for a light Higgs, H → WW [37]. Only recently,
the pp → Hjj → τ+τ−jj channel was studied for the
first time at the LHC to derive bounds on the SM Higgs
boson production cross section [38]. This impressively
demonstrates that experimental systematics in this im-
portant channel are well under control, already now with
early data.

The azimuthal angle correlation of the tagging jets as
a CP-discriminative observable can be rephrased in the
following way: Once the Higgs is identified, the hadronic
energy flow of the event depends on the CP quantum
number of the produced Higgs. The correlation of in
the azimuthal angle should also be reflected in the global
structure of softer tracks, which do not give rise to re-
solved jets. It is precisely the hadronic energy flow which
is captured by event shape observables in theoretically fa-
vorable way [39], turning them into natural candidates to
be considered among the CP-discriminative observables
in the context of CP analyses. From a perturbative QCD
point of view, the phenomenology of event shapes [39]
possesses a number of advantages over “traditional” jet-
based observables. In particular, provided that the ob-
servables are “continuously global” [40, 41], they can be
resummed to NLL beyond the leading color approxima-
tion. Therefore, event shapes offer a good theoretical
handle to potentially reduce perturbative uncertainties.

We organize this work in the following way: Sec. II
briefly reviews the hadronic event shape and the ∆Φjj

observables, which we consider in the course of this paper.
We outline the details of our analysis in Sec. III. We
discuss the sensitivity of event shapes in CP analyses of
Higgs+2 jets events in Sec. IV, where we also investigate

the possibility to distinguish WBF from GF invoking the
same observables. Before we give our conclusions and an
outlook in Sec. V, we briefly comment on pile-up issues
that can arise in the suggested analysis in Sec. IVD.

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

Event shapes quantify geometrical properties of the fi-
nal state’s energy flow†. An event shape, which is well-
known from QCD measurements performed during the
LEP era [42, 43] is thrust T [44]. In its formulation in
the beam-transverse plane this observable is also mean-
ingful at hadron colliders,

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

The subscript g indicates that this is a continuously
global observable [41]. The three vectors p⊥,i are the
beam-transverse momentum components of the particle i
(i.e. a Atlas topocluster or a Cms particle flow object),
while the sum runs over all detected particles (typically
in |ηi| ≤ 4.5). In a nutshell, T⊥,g measures how circularly
symmetric (T⊥,g = 0.5) or how pencil-like (T⊥,g → 1) an
event appears to be in the transverse plane. The vec-
tor nT in the transverse plane that maximizes Eq. (2) is
called the transverse thrust axis.
Another event shape, familiar from e+e− physics,

which can be straightforwardly adapted to hadron col-
lider physics analogous to Eq. (2) is thrust minor

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

Tm,g provides a measure of the energy flow in the trans-
verse plane perpendicular to nT .
As already mentioned, the tagging jet azimuthal angle

correlation is a CP-discriminative observable in Higgs+2
jets production. ∆Φjj can be defined as the angle be-
tween all jets j with rapidity smaller and all jets with
rapidity larger than the reconstructed Higgs [23, 35]

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
fall into the vicinity of two reconstructed kT jets [45]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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H → ZZ → 4! [25], which employ strategies closely re-
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energy flow of the event depends on the CP quantum
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known from QCD measurements performed during the
LEP era [42, 43] is thrust T [44]. In its formulation in
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The subscript g indicates that this is a continuously
global observable [41]. The three vectors p⊥,i are the
beam-transverse momentum components of the particle i
(i.e. a Atlas topocluster or a Cms particle flow object),
while the sum runs over all detected particles (typically
in |ηi| ≤ 4.5). In a nutshell, T⊥,g measures how circularly
symmetric (T⊥,g = 0.5) or how pencil-like (T⊥,g → 1) an
event appears to be in the transverse plane. The vec-
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called the transverse thrust axis.
Another event shape, familiar from e+e− physics,
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lider physics analogous to Eq. (2) is thrust minor

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

Tm,g provides a measure of the energy flow in the trans-
verse plane perpendicular to nT .
As already mentioned, the tagging jet azimuthal angle

correlation is a CP-discriminative observable in Higgs+2
jets production. ∆Φjj can be defined as the angle be-
tween all jets j with rapidity smaller and all jets with
rapidity larger than the reconstructed Higgs [23, 35]

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
fall into the vicinity of two reconstructed kT jets [45]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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FIG. 2: Correlation of the thrust event shape with ∆Φjj angle
as defined in Eq. (4) in terms of the 2d differential probability
distribution 1/σ d2σ/(d∆Φjj dT⊥,g)

As already mentioned we limit ourselves to the clean
purely leptonic ditau final state in this paper. It is how-
ever worth mentioning, that the tau reconstruction algo-
rithms show very good reconstruction efficiencies also for
(semi)hadronic decays [38, 59, 60], so that there is good
reason to believe that our results can be significantly im-
proved in a more realistic analysis.
The Higgs decay products are required to reconstruct

the Higgs mass within a 40 GeV window,

|mττ −mH | < 20 GeV , (7b)

and the Higgs has to fall between two reconstructed jets,

∃ ja, jb : yja < yh < yjb . (7c)

If an event passes the above selection criteria, we iso-
late the Higgs decay products from the event and feed
all remaining final state particles with |ηi| ≤ 4.5 and
pT,i ≥ 1 GeV into the computation of the event shape ob-
servables discussed in the previous section. We therefore
implicitly assume that the resonance has already been es-
tablished and that the τ reconstruction is efficient enough
to avoid a large pollution from mistags and/or fakes. A
cut-flow of the analysis steps (6)-(7) is listed in Tab. I.

Note that there is good agreement with the results of
Ref. [29]. Note also that the specific selection criteria
that are necessary to reduce the backgrounds can compli-
cate the resummation of the event shapes. In particular
the invariant mass cuts introduce additional scales to the
problem and will have an impact in the reduction on the
theoretical uncertainties.

In order to study the sensitivity of these observables
without introducing a bias, we do not impose a central
jet veto [19, 29, 61, 62]. In Ref. [63] it was shown that
different cut efficiencies of jet vetos for WBF and GF con-
tributions can be used to separate WBF from GF. There-
fore, jet vetos in fact provide an “orthogonal” strategy to
ours. Given that systematic and theoretical uncertainties
of both strategies are different, a comparison or a combi-
nation of both strategies can help to reduce systematics
in separating GF from WBF. This can eventually lead
to smaller uncertainties in the extraction of the Higgs
couplings along the lines of Eq. (1).
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probability distribution 1/σ d2σ/(d∆Φjj dTC,m)

5

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

jjΦΔ
0 1 2 3

tr
an

sv
er

se
 th

ru
st

0.6

0.7

0.8

0.9

1

(a) CP even Higgs

0

0.002

0.004

0.006

0.008

0.01

jjΦΔ
0 1 2 3

tr
an

sv
er

se
 th

ru
st

0.6

0.7

0.8

0.9

1

(b) CP odd Higgs

FIG. 2: Correlation of the thrust event shape with ∆Φjj angle
as defined in Eq. (4) in terms of the 2d differential probability
distribution 1/σ d2σ/(d∆Φjj dT⊥,g)

As already mentioned we limit ourselves to the clean
purely leptonic ditau final state in this paper. It is how-
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rithms show very good reconstruction efficiencies also for
(semi)hadronic decays [38, 59, 60], so that there is good
reason to believe that our results can be significantly im-
proved in a more realistic analysis.
The Higgs decay products are required to reconstruct

the Higgs mass within a 40 GeV window,

|mττ −mH | < 20 GeV , (7b)

and the Higgs has to fall between two reconstructed jets,

∃ ja, jb : yja < yh < yjb . (7c)

If an event passes the above selection criteria, we iso-
late the Higgs decay products from the event and feed
all remaining final state particles with |ηi| ≤ 4.5 and
pT,i ≥ 1 GeV into the computation of the event shape ob-
servables discussed in the previous section. We therefore
implicitly assume that the resonance has already been es-
tablished and that the τ reconstruction is efficient enough
to avoid a large pollution from mistags and/or fakes. A
cut-flow of the analysis steps (6)-(7) is listed in Tab. I.

Note that there is good agreement with the results of
Ref. [29]. Note also that the specific selection criteria
that are necessary to reduce the backgrounds can compli-
cate the resummation of the event shapes. In particular
the invariant mass cuts introduce additional scales to the
problem and will have an impact in the reduction on the
theoretical uncertainties.

In order to study the sensitivity of these observables
without introducing a bias, we do not impose a central
jet veto [19, 29, 61, 62]. In Ref. [63] it was shown that
different cut efficiencies of jet vetos for WBF and GF con-
tributions can be used to separate WBF from GF. There-
fore, jet vetos in fact provide an “orthogonal” strategy to
ours. Given that systematic and theoretical uncertainties
of both strategies are different, a comparison or a combi-
nation of both strategies can help to reduce systematics
in separating GF from WBF. This can eventually lead
to smaller uncertainties in the extraction of the Higgs
couplings along the lines of Eq. (1).
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3

Typical selection cuts which are used to suppress
the contributing backgrounds often involve the require-
ment that the tagging jets fall into opposite hemispheres
yj1 · yj2 < 0 while the Higgs is produced in the central
part of the detector. Observing CP sensitivity in the
∆Φjj distribution suggests that broadening observables
[46] also carry information about the Higgs CP. We di-
vide the event up according to the transverse thrust axis

region D: p⊥,i · nT > 0

region U : p⊥,i · nT < 0
(5a)

and compute the weighted pseudorapidity and azimuthal
angle

ηX =

∑
i |q⊥,i| ηi∑
i |q⊥,i|

, φX =

∑
i |q⊥,i|φi∑
i |q⊥,i|

,

X = U,D. (5b)

ηi and φi are the pseudorapidity and azimuthal angle of
the vector i respectively. From these we can compute the
broadenings of the U and D regions

BX =
1

QT

∑

i∈X

|q⊥,i|
√
(ηi − ηX)2 + (φi − φX)2 ,

X = U,D (5c)

where

QT =
∑

i

|q⊥,i| . (5d)

The central total broadening and wide broadening
are defined as [39, 42]

central total broadening: BT = BU +BD ,

wide broadening: BW = max {BU , BD} .
(5e)

The observables Eqs. (2), (3), and (5) do not exhaust
the list of existing event shapes by far but they are suf-
ficient for the purpose of this work.

III. ELEMENTS OF THE ANALYSIS

A. Event generation

Signal

Event shapes are known to be well-reproduced by
matched shower Monte Carlo programs [39]. Therefore,
we generate MLM-matched [47] scalar Hjj and pseu-
doscalar Ajj samples with MadEvent v4 [48] in the ef-
fective ggH and ggA coupling approximation and shower
the events with Pythia [49]. We normalize the event
samples to the NLO QCD cross section, which we obtain
by running Mcfm [50] for the gluon fusion contributions,

and Vbfnlo [51] for the weak boson fusion contribu-
tions. The interference effects are known to be negligible
for weak boson fusion cuts [52]. Note that there is no
WBF contribution for the CP odd scalar A. Nonethe-
less it is customary to analyze Ajj and Hjj samples for
identically chosen normalizations to study the prospects
of discriminating “Higgs-lookalike” scenarios [53, 54].
We find a total Higgs-inclusive normalization (consid-

ering
√
s = 14 TeV) of σH = 3.2 pb. For the CP odd

scalar we use σA = 2.1 pb which adopts the NLO QCD
gluon fusion K factor of CP even Higgs production. In
Sec. IVB we also discuss our results for identical nor-
malizations, which focuses on the discriminating power
of different shapes instead of a combination of shapes and
different total cross sections. The ditau branching ratio
to light opposite lepton flavors is approximately 6.2%.

Backgrounds

We focus on the two main backgrounds to our anal-
ysis [29], i.e. tt̄+jets and Zjj production, where the
Z boson decays to taus. We generate our CKKW-
matched [55] event samples with Sherpa [56]. We
again obtain NLO QCD normalizations of the Zjj sam-
ple from a combination of Mcfm and Vbfnlo for the
QCD and EW production modes, respectively, and find
σ(Z → τ+τ−) = 0.23 pb. For the tt̄ sample we extract
the NNLO-inclusive tt̄ K factor from the cross section
σNNLO
tt̄ = 918 pb [33] in comparison with the cross sec-

tion by Sherpa after generator-level cuts σtt̄ = 888.27 fb,
which already requires the tau leptons to reconstruct
mH = 125 GeV within 50 GeV.

B. Selection Cuts and Analysis Strategy

Our event selection follows closely the parton-level
analysis of Ref. [29]. We reconstruct jets with the anti-
kT jet algorithm [57] with parameter D = 0.4 as imple-
mented in FastJet [58]. We additionally impose typical
weak boson fusion cuts to suppress the background to a
manageable level. More specifically, we require at least
two jets with

pT,j ≥ 40 GeV, and |yj| ≤ 4.5 , (6a)

and the two hardest (“tagging”) jets in the event are
required to have a large invariant mass

mjj =
√
(pj,1 + pj,2)2 ≥ 600 GeV . (6b)

After these cuts the signal is still dominated by the
tt̄+jets background. This background, however, can be
efficiently suppressed with a b veto from the top decay.
The reconstructed taus need to be hard and central to

guarantee a good reconstruction efficiency

pT,τ ≥ 20 GeV, and |yτ | ≤ 2.5 . (7a)

Event selection cuts

two tagging jets:

3
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are defined as [39, 42]

central total broadening: BT = BU +BD ,

wide broadening: BW = max {BU , BD} .
(5e)

The observables Eqs. (2), (3), and (5) do not exhaust
the list of existing event shapes by far but they are suf-
ficient for the purpose of this work.

III. ELEMENTS OF THE ANALYSIS

A. Event generation

Signal

Event shapes are known to be well-reproduced by
matched shower Monte Carlo programs [39]. Therefore,
we generate MLM-matched [47] scalar Hjj and pseu-
doscalar Ajj samples with MadEvent v4 [48] in the ef-
fective ggH and ggA coupling approximation and shower
the events with Pythia [49]. We normalize the event
samples to the NLO QCD cross section, which we obtain
by running Mcfm [50] for the gluon fusion contributions,

and Vbfnlo [51] for the weak boson fusion contribu-
tions. The interference effects are known to be negligible
for weak boson fusion cuts [52]. Note that there is no
WBF contribution for the CP odd scalar A. Nonethe-
less it is customary to analyze Ajj and Hjj samples for
identically chosen normalizations to study the prospects
of discriminating “Higgs-lookalike” scenarios [53, 54].
We find a total Higgs-inclusive normalization (consid-

ering
√
s = 14 TeV) of σH = 3.2 pb. For the CP odd

scalar we use σA = 2.1 pb which adopts the NLO QCD
gluon fusion K factor of CP even Higgs production. In
Sec. IVB we also discuss our results for identical nor-
malizations, which focuses on the discriminating power
of different shapes instead of a combination of shapes and
different total cross sections. The ditau branching ratio
to light opposite lepton flavors is approximately 6.2%.

Backgrounds

We focus on the two main backgrounds to our anal-
ysis [29], i.e. tt̄+jets and Zjj production, where the
Z boson decays to taus. We generate our CKKW-
matched [55] event samples with Sherpa [56]. We
again obtain NLO QCD normalizations of the Zjj sam-
ple from a combination of Mcfm and Vbfnlo for the
QCD and EW production modes, respectively, and find
σ(Z → τ+τ−) = 0.23 pb. For the tt̄ sample we extract
the NNLO-inclusive tt̄ K factor from the cross section
σNNLO
tt̄ = 918 pb [33] in comparison with the cross sec-

tion by Sherpa after generator-level cuts σtt̄ = 888.27 fb,
which already requires the tau leptons to reconstruct
mH = 125 GeV within 50 GeV.

B. Selection Cuts and Analysis Strategy

Our event selection follows closely the parton-level
analysis of Ref. [29]. We reconstruct jets with the anti-
kT jet algorithm [57] with parameter D = 0.4 as imple-
mented in FastJet [58]. We additionally impose typical
weak boson fusion cuts to suppress the background to a
manageable level. More specifically, we require at least
two jets with

pT,j ≥ 40 GeV, and |yj| ≤ 4.5 , (6a)

and the two hardest (“tagging”) jets in the event are
required to have a large invariant mass

mjj =
√
(pj,1 + pj,2)2 ≥ 600 GeV . (6b)

After these cuts the signal is still dominated by the
tt̄+jets background. This background, however, can be
efficiently suppressed with a b veto from the top decay.
The reconstructed taus need to be hard and central to

guarantee a good reconstruction efficiency

pT,τ ≥ 20 GeV, and |yτ | ≤ 2.5 . (7a)
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FIG. 2: Correlation of the thrust event shape with ∆Φjj angle
as defined in Eq. (4) in terms of the 2d differential probability
distribution 1/σ d2σ/(d∆Φjj dT⊥,g)

As already mentioned we limit ourselves to the clean
purely leptonic ditau final state in this paper. It is how-
ever worth mentioning, that the tau reconstruction algo-
rithms show very good reconstruction efficiencies also for
(semi)hadronic decays [38, 59, 60], so that there is good
reason to believe that our results can be significantly im-
proved in a more realistic analysis.
The Higgs decay products are required to reconstruct

the Higgs mass within a 40 GeV window,

|mττ −mH | < 20 GeV , (7b)

and the Higgs has to fall between two reconstructed jets,

∃ ja, jb : yja < yh < yjb . (7c)

If an event passes the above selection criteria, we iso-
late the Higgs decay products from the event and feed
all remaining final state particles with |ηi| ≤ 4.5 and
pT,i ≥ 1 GeV into the computation of the event shape ob-
servables discussed in the previous section. We therefore
implicitly assume that the resonance has already been es-
tablished and that the τ reconstruction is efficient enough
to avoid a large pollution from mistags and/or fakes. A
cut-flow of the analysis steps (6)-(7) is listed in Tab. I.

Note that there is good agreement with the results of
Ref. [29]. Note also that the specific selection criteria
that are necessary to reduce the backgrounds can compli-
cate the resummation of the event shapes. In particular
the invariant mass cuts introduce additional scales to the
problem and will have an impact in the reduction on the
theoretical uncertainties.

In order to study the sensitivity of these observables
without introducing a bias, we do not impose a central
jet veto [19, 29, 61, 62]. In Ref. [63] it was shown that
different cut efficiencies of jet vetos for WBF and GF con-
tributions can be used to separate WBF from GF. There-
fore, jet vetos in fact provide an “orthogonal” strategy to
ours. Given that systematic and theoretical uncertainties
of both strategies are different, a comparison or a combi-
nation of both strategies can help to reduce systematics
in separating GF from WBF. This can eventually lead
to smaller uncertainties in the extraction of the Higgs
couplings along the lines of Eq. (1).
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ever worth mentioning, that the tau reconstruction algo-
rithms show very good reconstruction efficiencies also for
(semi)hadronic decays [38, 59, 60], so that there is good
reason to believe that our results can be significantly im-
proved in a more realistic analysis.
The Higgs decay products are required to reconstruct

the Higgs mass within a 40 GeV window,

|mττ −mH | < 20 GeV , (7b)

and the Higgs has to fall between two reconstructed jets,

∃ ja, jb : yja < yh < yjb . (7c)

If an event passes the above selection criteria, we iso-
late the Higgs decay products from the event and feed
all remaining final state particles with |ηi| ≤ 4.5 and
pT,i ≥ 1 GeV into the computation of the event shape ob-
servables discussed in the previous section. We therefore
implicitly assume that the resonance has already been es-
tablished and that the τ reconstruction is efficient enough
to avoid a large pollution from mistags and/or fakes. A
cut-flow of the analysis steps (6)-(7) is listed in Tab. I.

Note that there is good agreement with the results of
Ref. [29]. Note also that the specific selection criteria
that are necessary to reduce the backgrounds can compli-
cate the resummation of the event shapes. In particular
the invariant mass cuts introduce additional scales to the
problem and will have an impact in the reduction on the
theoretical uncertainties.

In order to study the sensitivity of these observables
without introducing a bias, we do not impose a central
jet veto [19, 29, 61, 62]. In Ref. [63] it was shown that
different cut efficiencies of jet vetos for WBF and GF con-
tributions can be used to separate WBF from GF. There-
fore, jet vetos in fact provide an “orthogonal” strategy to
ours. Given that systematic and theoretical uncertainties
of both strategies are different, a comparison or a combi-
nation of both strategies can help to reduce systematics
in separating GF from WBF. This can eventually lead
to smaller uncertainties in the extraction of the Higgs
couplings along the lines of Eq. (1).
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As already mentioned we limit ourselves to the clean
purely leptonic ditau final state in this paper. It is how-
ever worth mentioning, that the tau reconstruction algo-
rithms show very good reconstruction efficiencies also for
(semi)hadronic decays [38, 59, 60], so that there is good
reason to believe that our results can be significantly im-
proved in a more realistic analysis.
The Higgs decay products are required to reconstruct

the Higgs mass within a 40 GeV window,

|mττ −mH | < 20 GeV , (7b)

and the Higgs has to fall between two reconstructed jets,

∃ ja, jb : yja < yh < yjb . (7c)

If an event passes the above selection criteria, we iso-
late the Higgs decay products from the event and feed
all remaining final state particles with |ηi| ≤ 4.5 and
pT,i ≥ 1 GeV into the computation of the event shape ob-
servables discussed in the previous section. We therefore
implicitly assume that the resonance has already been es-
tablished and that the τ reconstruction is efficient enough
to avoid a large pollution from mistags and/or fakes. A
cut-flow of the analysis steps (6)-(7) is listed in Tab. I.

Note that there is good agreement with the results of
Ref. [29]. Note also that the specific selection criteria
that are necessary to reduce the backgrounds can compli-
cate the resummation of the event shapes. In particular
the invariant mass cuts introduce additional scales to the
problem and will have an impact in the reduction on the
theoretical uncertainties.

In order to study the sensitivity of these observables
without introducing a bias, we do not impose a central
jet veto [19, 29, 61, 62]. In Ref. [63] it was shown that
different cut efficiencies of jet vetos for WBF and GF con-
tributions can be used to separate WBF from GF. There-
fore, jet vetos in fact provide an “orthogonal” strategy to
ours. Given that systematic and theoretical uncertainties
of both strategies are different, a comparison or a combi-
nation of both strategies can help to reduce systematics
in separating GF from WBF. This can eventually lead
to smaller uncertainties in the extraction of the Higgs
couplings along the lines of Eq. (1).
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FIG. 10: Event shape observables computed from the jet constituents as outlined in Sec. IVD.

To understanding how much our sensitivity decreases
by using the reconstructed jets’ constituents instead of
all particles, we analyze the event shapes again for a
modified cut set up. We stick to the selection criteria
Eqs. (6b)-(7), but modify our jet pre-selection. Again we
cluster anti-kT jets with D = 0.4 but consider jets

pT,j ≥ 40 GeV , if 2.5 ≤ |yj | ≤ 4.5 , and

pT,j ≥ 10 GeV , if |yj | ≤ 2.5 .
(6a’)

In the central region |y| < 2.5 the tracker can be used to
infer the number of primary vertices of the event and here
tracking serves as an efficient handle to reduce pile-up. In
the forward region |y| > 2.5 pile-up subtraction strategies
are scarce and we rely exclusively on the hardness of the
tagging jets to suppress pile-up.
Thus, we require at least three jets in the event, while

the hardest two jets still have to obey mjj > 600 GeV,
i.e. we try to keep as much soft central sensitivity in the
first place (cf. Fig. 9). Instead of feeding all particles
into the computation of the event shapes, we only take
the constituents of the jets which pass these criteria. The
signal cross sections due to the modified selection crite-
ria decreases to 1.89 (1.35) for Hjj (Ajj) production,
yielding S/B # 0.27 (0.19).
The result is plotted in Fig. 10. We see that some

discriminative power is lost, but the distributions are

still sensitive enough to guarantee discrimination be-
tween CP even and odd (and between WBF and GF)
at a however larger integrated luminosity.

V. CONCLUSIONS AND OUTLOOK

Following the discovery of a new resonance at the
LHC, the determination of its CP quantum numbers
and its couplings to SM fermions and gauge bosons will
contribute to a more precise understanding of particle
physics at a new energy frontier. Addressing these ques-
tions also poses an important test of the validity of the
Standard Model after the Higgs-like resonance is estab-
lished.
In this paper we have analyzed the potential of

event shape observables to discriminate between differ-
ent CP hypotheses once a resonance is established. While
more work from both theoretical and experimental sides
is needed, we find excellent discrimination power for
Higgs masses in the vicinity of where Atlas and CMS

have reported an excess. Sensitivity in CP studies is in-
herited from sensitivity in telling apart weak boson fu-
sion and gluon fusion contributions, making event shape
observables natural candidates to serve this purpose in
a realistic experimental analysis. The ability to sepa-
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oretically challenging. Also, the experimental resolution
(which should be reflected by the binning in Figs. 4 and 5)
is currently not known.
We plot the confidence levels obtained from the hy-

pothesis test in Fig. 6 as a function of the integrated
luminosity. When the confidence level (i.e. the proba-
bility of one hypothesis to fake the other one) is smaller
than 2.72 · 10−7 one speaks of a 5σ discrimination, implic-
itly assuming Gaussian-like probability density functions.
We see from Fig. 6 that event shapes indeed provide a
well-suited class of CP discriminating observables, super-
seding ∆Φjj within the limitations of our analysis men-
tioned above. Fig. 6 strongly suggests that event shape
observables should be added to the list of CP-sensitive
observables which need to be studied at the LHC to mea-
sure the Higgs’ CP.

B. Higgs-lookalike CP odd

In fact, Fig. 6 being the result of a comparison that
reflects both different shape and normalization of the
Ajj and Hjj samples, the sensitivity that arises only
due to shape differences (cf. Fig. 1) is not obvious.
Also, from a phenomenological point of view (and this
was one of our assumptions in Sec. III B), the resonance
will have been discovered before we address its spin and
CP. Therefore the normalization of the signal will be ex-
tracted from data, and only the subsequent measurement
of shapes will be used to extract information on spin and
CP. Hence, it is reasonable to study the discriminative
power of the event shapes in comparison to ∆Φjj when
the overall normalization after cuts of pseudoscalar and
scalar are identical. This is plotted in Fig. 7. Again we
see that the event shape observables are good discrimina-
tors (the comments of the previous section are applicable
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here as well). This also tells us that a significant share
of the discriminative power found in the previous section
stems from the distributions’ shape. Especially the jet
broadenings, which exhibit a different background distri-
bution compared to signal for Hjj as opposed to ∆Φjj ,
should therefore be stressed as a discriminative observ-
able when considering systematics.

C. Toward discriminating gluon fusion and weak
boson fusion contributions

Having established the event shape observables as CP-
discriminating quantities, we move on and discuss the po-
tential of these observables to help separating WBF from
GF, hence contributing to more precise determination of
the Higgs couplings according to Eq. (1). We show nor-
malized signal distributions for the individual WBF and
GF contributions in Fig. 8 and we see a similar behavior
as encountered in Fig. 1.
It is known that unless we include a non-renormalizable

SU(2)L axion-type dimension 5 operator ∼ HWW̃ ,

where W̃ is the dual SU(2)L field strength, the ∆Φjj

distribution is almost flat in WBF [30]. While such an
operator should be constrained experimentally, a size-
able CP-violating coupling is not expected from a the-
oretical perspective. Actually, the strategy outlined in
Secs. III B, IVA and IVB does not suffer from draw-
backs when including explicit CP violation in the gauge
sector and remains applicable in a straightforward way.
In fact, the relative contribution of WBF and GF to the
cross section heavily influences the quantities Eqs. (2)-
(5), and therefore drives the observed sensitivity in the
context of CP analyses, Fig. 7.
Keeping that in mind, we can use the correlations

Sensitivity for discrimination between CP and CP-odd 
(normalized signal rates)
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