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• Higgs Physics and VBF!
• Theoretical Status!
• Higgs Spin/CP!
• Higgs couplings and new Physics!
• Conclusions



“Yang-Mills+Higgs had to be true”
`t Hooft, “Under the Spell of the Gauge Principle”

Ws and Zs in 1983 at UA1/UA2

mW � 80.42 GeV

mZ � 91.19 GeV

How do you accommodate this in QFT ?

☛ answer to this in 1964 [Higgs `64] [Brout, Englert `64] [Guralnik, Hagen, Kibble `64]

• non-linear realisation of gauge symmetry in a Yang Mills+scalar 
sector is compatible with                                                                                         

• massive gauge bosons, but no ghost problems at small distances

�H� �= 0

☛ "spontaneous" symmetry breaking

☛ renormalizability, tightly linked to unitarity
2

[Weinberg `67]



Two Higgs pheno ingredients
1. massive vectors have three degrees of 

"(T,1)
µ = (0, 1, 0, 0)

"(T,2)
µ = (0, 0, 1, 0)

"(L)
µ = (k/m, 0, 0, E/m)T

a` =

1

32⇡

Z 1

�1
d cos ✓M(cos ✓)P`(cos ✓)T

T

⇠ kµ/m (|k|� m)

2. probability conservation in scattering 
processes needs to be conserved

S†S = =� 2�{a�} � 0.5

☛ UV relations for                    as a consequence of spontaneous symmetry breaking                   
determine the (B)SM Higgs phenomenology !
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[Cornwall, Levin, Tiktopoulos `75]

* or replaced by equivalent BSM sum rule



Two Higgs pheno ingredients
1. massive vectors have three degrees of 

"(T,1)
µ = (0, 1, 0, 0)

"(T,2)
µ = (0, 0, 1, 0)

"(L)
µ = (k/m, 0, 0, E/m)T

a` =

1

32⇡

Z 1

�1
d cos ✓M(cos ✓)P`(cos ✓)T

T

⇠ kµ/m (|k|� m)

2. probability conservation in scattering 
processes needs to be conserved

S†S = =� 2�{a�} � 0.5

☛ UV relations for                    as a consequence of spontaneous symmetry breaking                   
determine the (B)SM Higgs phenomenology !

E � m

W

W

W

W

W

W

W

Wγ
W

W

W

WZ

W

W

W

W
W

W

W

WH

W

W

W

Wγ
W

W

W

WZ

⇠ E4

⇠ E4

|
{z

}

|
{z

}

⇠ E2

⇠ E0 gHV V = gSM
HV V = gV mVonly if*

[Cornwall, Levin, Tiktopoulos `75]

* or replaced by equivalent BSM sum rule

[thanks to O. Brein & Frank]
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VBF — the swiss army knife of EWSB
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• clean signature: 

• heavy particle production: incoming 
quarks at large x : energetic forward 
jets, large invariant mass,  

• colour singlet t-channel: little QCD in 
the central part of the detector, CJVs 

Higgs decay products

pseudorapidity

azimuthal angle

jet

pT,j � mW

• large cross section, small uncertainty 

☛ VBF is the window to study implications of the mechanism of EWSB
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[Rainwater, Zeppenfeld `99] 
[Plehn, Rainwater, Zeppenfeld `99] 

[Kauer, Rainwater, Zeppenfeld `00]

→ Michel’s talk

→Nigel’s talk



The SM VBF cross sections

[Bolzoni, Maltoni, Moch, Zaro `10] [Bolzoni, Maltoni, Moch, Zaro `11]
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• approximate NNLO QCD in the structure function approach, available in 
VBF@NNLO

• full QCD+EW corrections available in Hawk/Vbfnlo,                                                  
EW corrections equally important ! [Ciccolini, Denner, Dittmaier `07] [Denner, Dittmaier, Mück `10] 

[Jäger, Oleari, Zeppenfeld `06] [Palmer, Figy, Weiglein `12] [Arnold et al. `13]

• NLO-matched hadron-level implementations available via MC@NLO and Powheg
[Nason, Oleari `06] [D`Errico, Richardson `11] [Jäger, Zanderighi `13] [Frixione, Torrielli, Zaro `13]
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Figure 10: Distribution in the transverse momentum pT,H of the Higgs boson (left) and
corresponding relative corrections (right) for MH = 120 GeV.
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Figure 11: Distribution in the rapidity yH of the Higgs boson (left) and corresponding
relative corrections (right) for MH = 120 GeV.

22

[Ciccolini, Denner, Dittmaier `07]



…but beware of irreducible backgrounds
☛ GF+2 jets is a challenge but can be suppressed 
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FIG. 4: pp → hjj production via gluon fusion (including full
top and bottom contributions) broken down to the partonic
channels and comparison of WBF (at NLO QCD) vs. GF as
a function of the cut on the invariant dijet mass. Results are
obtained with Vbfnlo [19].

transfers pT,h ∼ 300 GeV the deviations become larger
than O(30%). To fully capture the dynamics in a two-
dimensional likelihood, which extends Eqs. (2.1), (2.3)
by the inclusion of the events energy scale would need to
incorporate the full mass dependence and a parametriza-
tion of potential new physics.
To test our effective theory approximation (note that

we both simulate and analyze the event within the ef-
fective approximation), we also analyze a GF event sam-
ple obtained with Vbfnlo [19], which includes the full
top and bottom contributions. We pass the parton-level
events to Herwig++ [24] for showering and hadroniza-
tion. This allows us to asses the bias of analyzing the
events with effective theory matrix elements.
Finite detector resolution effects give rise to an addi-

tional systematic uncertainty when we want to analyze
the discriminating power of the matrix element method.
To assess their impact on Eq. (2.1) and (2.3), we model
jet momentum uncertainties according to Ref. [25]:

∆E

E
=

5.2

E
⊕

0.16√
E

⊕ 0.033 . (2.4)

For the photons we have performed a comparison of
the invariant diphoton mass against the experimental
results of [1, 2] and find that a resolution uncertainty
parametrized by 3% describes the experimental situation
in sufficiently well for our purposes.
Details of the 14 TeV cut set-up are currently un-

known; they will depend on the new pile-up and under-
lying event conditions as well as on the potential excess
in the pp → (h → γγ)jj + X signal cross sections. For

the remainder of this section, we therefore adopt a cut
setup which is based on phenomenological analyses (see
e.g. Refs. [7, 26, 27]). In Sec. (III) we employ the current
8 TeV selection of ATLAS [1].

We reconstruct kT jets [28] with D = 0.8 and threshold
pT,j ≥ 30 GeV in the pseudo-rapidity range |ηj | < 4.5,
and require nj ≥ 2. The exactly two isolated photons are
required to be central in the electromagnetic calorimeter
|ηγ | < 2.5 with pT,γ ≥ 30 GeV (we define a photon to be
isolated if the electromagnetic and hadronic activity in
the cone with size R = 0.3 is less then 10% of the ET of
the photon candidate). The photons have to reconstruct
the Higgs mass mh = 126 GeV within 115 GeV ≤ (pγ,1+
pγ,2)2 ≤ 135 GeV. On top of these generic cuts we impose
a typical WBF selection: The two jets, leading in pT are
required to have a large invariant mass mj1j2 ≥ 600 GeV
and have to fall into opposite detector hemispheres yj1 ×
yj2 ≤ 0.

C. Performance of Q̃n

For these 14 TeV selection criteria we show the nor-
malized distribution of the exclusive number of jets for
14 TeV in Fig. 1 (for a detailed analysis of this observable
see Ref. [29]). The cross sections are σGF ≃ 0.61 fb and
σWBF ≃ 1.58 fb. From this we see that we can limit our
analysis to Q̃n, Q̃b

n for n = 2, 3. Higher jet multiplicities
contribute at a level which is challenged by the theo-
retical uncertainties of the inclusive p → hjj + X cross
sections [10, 11]. The extension to n > 3 is technically
straightforward.

We show our results in Fig. 2. An immediate first ob-
servation is that neither the definition of the likelihoods
nor the impact of either detector resolution or details
of the event simulation have a significant impact on the
discriminating power of Q̃n=2,3. Keeping in mind that
we already look at WBF-like events and have a recon-
structed Higgs boson, a cut on Q̃2 will significantly en-
hance the WBF contribution over GF production. This is
even more the case for Q̃3. This can be understood along
the following lines. Additional jet radiation in the WBF
component∗ is essentially QCD bremsstrahlung off the
leading jets since there is no color exchange between the
quark legs. This is entirely different for the GF contribu-
tion, which tends to populate the large available phase
space in the central region with QCD activity [31]. Not
only the presence of this radiation [32], but, more impor-
tantly, the information that is encrypted in the differen-
tial energy-momentum flow associated with it [8] provides
an elaborate handle to separate WBF from GF. This is
most efficiently reflected in Q̃n≥3, of which only n = 3 is

∗For a detailed discussion of this contribution beyond LO see
Ref. [30].

vs.

[Del Duca, Kilgore, Oleari, Schmidt, Zeppenfeld  `01] 
 [Del Duca et al. `06] 

[Campbell, Ellis, Zanderighi `06] 
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Figure 5: Azimuthal separation of the two leading jets in the dijet (left) and VBF (right) selection with
three di↵erent scale choices. For details see Fig. 1.
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Figure 6: Transverse momentum of the Higgs boson plus two leading jets system (left) and azimuthal
separation of the two leading jets (right) with three di↵erent scale choices. For details see Fig. 1.

10

• differential veto 
systematics available at 
MePS@NLO level

[Höche, Krauss, Schönherr `14] [Höche, Krauss, Schönherr `14]

• resummation in MRK-
FKL limit studied in 
detail

[Andersen, White `09] 
[Andersen, Del Duca, White `09]

→ Frank’s talk
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VBF — A  tool for Higgs characterisation
• jet kinematics are a sensitive probe for Higgs CP

top mass for the tt̄ processes. Only a small tail is left above mt for the tt̄jj process. This
characteristic remains after the selection cuts. Since the contribution from top backgrounds
is so different for mjl

<∼ 150 GeV and mjl
>∼ 150 GeV, it might be useful to perform separate

cut optimizations for the two regions.

4 Azimuthal angle correlations

In order to determine the tensor structure of the effective Hgg coupling, the distributions
of the two tagging jets are an important tool. The distribution dσ/d|∆Φjj| of the azimuthal
angle between the two tagging jets provides for an excellent distinction between the two
tensor structures of Eq. (3) [6]. Unfortunately, when both CP-even and CP-odd couplings
of similar strength are present, the tensor structure cannot be unambiguously determined
anymore. The missing information is contained in the sign of the azimuthal angle between the
tagging jets [11]. Naively one might assume that this sign cannot be defined unambiguously
in pp collisions because an azimuthal angle switches sign when viewed along the opposite
beam direction. However, in doing so, the “toward” and the “away” tagging jets also switch
place, i.e. one should take into account the correlation of the tagging jets with the two
distinct beam directions. Defining ∆Φjj as the azimuthal angle of the “away” jet minus the
azimuthal angle of the “toward” jet, a switch of the two beam directions leaves the sign of
∆Φjj intact. To be precise, let us define the normalized four-momenta of the two proton

jjΦ∆
-150 -100 -50 0 50 100 150

jj
Φ
∆

/d
σ

 d
σ

1/

10

15

20

25

30

35

40

45
-310×
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CP-odd

CP-mixed

 jj H→pp 

 = 160 GeVHm

Figure 8: Normalized distributions of the jet-jet azimuthal angle difference as defined in
Eq. (18). The curves are for the SM CP-even case (a3 = 0), a pure CP-odd (a2 = 0) and a
CP-mixed case (a2 = a3 ̸= 0). The cuts of Eq. (9) and (21) were applied.
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[Klämke, Zeppenfeld `07] 

[Hagiwara, Li, Mawatari`09] 
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mH=160 GeV

Figure 2. Normalized distributions of the azimuthal angle be-
tween the two tagging jets, for the H → WW → eµ/pT signal at
mH = 160 GeV. Curves are for the SM and for single D5 operators
as given in Eq. (2), after cuts as in Eq.(4) and Ref. [6].

the dominant CP nature and the tensor structure of the Higgs
coupling. With 100 fb−1 of data per experiment, the SM case
can be distinguished from the CP even (CP odd) D5 couplings
with a statistical power of ∼ 5 (4.5) sigma, from the H → ττ
channels [3] alone. This observable is furthermore independent
of the particular decay channel and Higgs mass range. We
have explicitly checked the case of a 160 GeV Higgs boson
decaying to W pairs and find exactly the same features, shown
in Fig. 2. Note, however, that in this case decay distributions
will depend on the structure of the HWW vertex also.

2. Let us now examine the following scenario: a Higgs
candidate is found at the LHC with a predominantly Standard
Model gµν coupling. How sensitive will experiments be to any
additional D5 contribution?

For the CP odd D5 coupling we do not observe any inter-
ference term between the Standard Model and the D5 matrix
element. Although there is a non-zero contribution at the ma-
trix element level, any hadron collider observable is averaged
over charge conjugate processes since we cannot distinguish
quark from antiquark jets. As a result, interference effects can-
cel in typical hadronic differential cross sections. Using the
azimuthal angle distribution will only marginally enhance the
sensitivity to a small contribution of the CP odd Higgs coupling
beyond what a measurement of the Higgs production cross sec-
tion could give.

In the case of a contribution from a CP-even D5 opera-
tor, interference effects are important for the distortion of the

0
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1/Λ < 0
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Figure 3. Azimuthal jet angle distribution for the SM and inter-
ference with a CP even D5 coupling. The two curves for each sign of
the operator correspond to values σ/σSM = 0.04, 1.0. Error bars for
the signal and the dominant backgrounds correspond to an integrated
luminosity of 100 fb−1 per experiment, distributed over 6 bins, and
are statistical only.

φjj distribution. All additional terms in the squared ampli-
tude |M|2 = |MSM + Me,5|2 have an approximate zero at
∆φjj = π/2, according to Eq.(5). Moreover, the dominant
piece of the anomalous amplitude changes sign at this approx-
imate zero which results in a sign change of the interference
term at π/2. Fig. 3 shows that, dependent on the sign of the
D5 operator, the maximum of the distribution is shifted to large
or small angles ∆φjj. Results are shown for two different val-
ues of the scale Λ5 which are chosen such that the D5 operator
alone, without a SM contribution, would produce a Higgs pro-
duction cross section, σ, which equals 0.04 (1.0) of the SM
cross section, σSM. While changes in cross sections of a few
percent are most likely beyond the reach of any LHC count-
ing experiment, we see that in the differential cross section the
effect of D5 operators is quite significant [17].

To quantify this effect and at the same time minimize sys-
tematic errors we define the asymmetry

Aφ =
σ(∆φjj < π/2) − σ(∆φjj > π/2)

σ(∆φjj < π/2) + σ(∆φjj > π/2)
. (6)

One major source of systematic uncertainty will be the gluon
fusion induced H + 2 jets background, which in the large
top mass limit is proportional to the CP even D5 operator
HGµνGµν . At the amplitude level, this operator induces the
same azimuthal angle dependence of the two jets as the CP even
operator of Eq. (2). However, since it contributes to H + 2 jets
via t-channel gluon (color octet) exchange, it cannot interfere
with WBF. This gluon fusion contribution can exceed O(10%)
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Figure 8: Normalized correlations between the two tagging jets in WBF production of a heavy resonance X. We show
the di↵erence in the azimuthal angle ��jj and the rapidity di↵erence �⌘jj . The spin-0, spin-1, spin-2 interaction
structures are described in Tab. I: 0+

SM

(red), 0+

D5

(blue dashed), 0�
D5

(green dotted); 1+

Z (blue), 1+

W (blue dashed), 1�Z
(green), 1�W (green dashed); 2+

EW

(black), 2+

EW+q

(black dashed). For the spin-2 case we also show the distributions after
requiring pmax

T = 100 GeV (right panels).

In the upper panels of Fig. 8 we show the ��jj distributions for the nine di↵erent couplings listed in Tab. I.
There are essentially four di↵erent patterns in the left three panels: a flat ��jj behavior (0+

SM

, 1+

W ,2+

EW

), a
back-to-back peak at ��jj ⇠ ⇡ (0+

D5

, 2+

EW+q

), a preferred angle around ⇡/2 (0�
D5

, 1+

Z ), and preferably aligned

tagging jets ��jj ⇠ 0 (1�
W,Z). Due to the absence of the longitudinal amplitude for the 0�

D5

operator we know

that its distribution follows a 1� cos 2��jj modulation. On the other hand, 0+

D5

follows a cos ��jj shape from
the interference between the transverse and longitudinal amplitudes [12].

The issue with the proper definition of the spin-2 couplings also appears in this azimuthal observable. First,
the distributions without (2+

EW

) and with (2+

EW+q

) a coupling to quarks have little in common. Secondly,
removing the high-energy tale of the jet momenta requiring Eq.(20) strongly a↵ects the full spin-2 distribution
2+

EW+q

, changing it from distinctively peaked at ��jj = ⇡ to essentially identical to the Standard Model Higgs

scalar 0+

SM

. This is a general feature which we can trace back to the helicities probed by the spin-2 amplitude:
once we limit it to relatively small energies of external particles it probes exactly the same helicity structure
as the spin-0 Standard Model operator [12].

In the lower panels of Fig. 8 we show the rapidity di↵erence �⌘jj between the two tagging jets. In the
standard WBF analyses we require �⌘jj > 4.2, cutting away most of the spin-1 and spin-2 events and keeping
mostly the Standard Model Higgs 0+

SM

events. Skipping this cut we see that there are three distinct groups
of curves, with maxima around �⌘jj ⇠ 2 (2+

EW

), �⌘jj ⇠ 4 (0±
D5

, 1±
V , 2+

EW+q

), and �⌘jj ⇠ 5.5 (0+

SM

). Asking

for tagging jets with limited energy, Eq.(20), turns both spin-2 distributions into an exact copy of the 0+

SM

predictions. In this case only two distinctly di↵erent patterns survive, SM-Higgs-like and slightly less forward.
These rapidity di↵erences are strongly correlated with the tagging jet rapidities shows in Fig. 7. Only very

little information remains in the additional observation of ⌘j,1 once we exploit �⌘jj . This is an e↵ect of the
WBF ansatz we are using for all resonances hypotheses — if any of the processes under consideration included
a mixed quark-gluon initial state the boost from the laboratory frame to the center-of-mass frame of the two
tagging jets might well turn out useful.

The main advantage of the two observables discussed in this section is that they do not require the recon-
struction of the heavy resonance. In Sec. IV E we will compare the two observables ��jj and �⌘jj in their
distinguishing power testing some spin-0 and spin-2 coupling structures. A complete set of distributions can be
found in Fig. 15 in the Appendix. As expected, the study of decay independent jet correlations is a very useful
starting point for a ‘Higgs’ coupling analysis [11]. However, the predictions from a spin-2 model have to be
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VBF — A  tool for Higgs characterisation
• jet kinematics are a sensitive probe for Higgs CP

top mass for the tt̄ processes. Only a small tail is left above mt for the tt̄jj process. This
characteristic remains after the selection cuts. Since the contribution from top backgrounds
is so different for mjl

<∼ 150 GeV and mjl
>∼ 150 GeV, it might be useful to perform separate

cut optimizations for the two regions.

4 Azimuthal angle correlations

In order to determine the tensor structure of the effective Hgg coupling, the distributions
of the two tagging jets are an important tool. The distribution dσ/d|∆Φjj| of the azimuthal
angle between the two tagging jets provides for an excellent distinction between the two
tensor structures of Eq. (3) [6]. Unfortunately, when both CP-even and CP-odd couplings
of similar strength are present, the tensor structure cannot be unambiguously determined
anymore. The missing information is contained in the sign of the azimuthal angle between the
tagging jets [11]. Naively one might assume that this sign cannot be defined unambiguously
in pp collisions because an azimuthal angle switches sign when viewed along the opposite
beam direction. However, in doing so, the “toward” and the “away” tagging jets also switch
place, i.e. one should take into account the correlation of the tagging jets with the two
distinct beam directions. Defining ∆Φjj as the azimuthal angle of the “away” jet minus the
azimuthal angle of the “toward” jet, a switch of the two beam directions leaves the sign of
∆Φjj intact. To be precise, let us define the normalized four-momenta of the two proton
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Figure 8: Normalized distributions of the jet-jet azimuthal angle difference as defined in
Eq. (18). The curves are for the SM CP-even case (a3 = 0), a pure CP-odd (a2 = 0) and a
CP-mixed case (a2 = a3 ̸= 0). The cuts of Eq. (9) and (21) were applied.
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Figure 2. Normalized distributions of the azimuthal angle be-
tween the two tagging jets, for the H → WW → eµ/pT signal at
mH = 160 GeV. Curves are for the SM and for single D5 operators
as given in Eq. (2), after cuts as in Eq.(4) and Ref. [6].

the dominant CP nature and the tensor structure of the Higgs
coupling. With 100 fb−1 of data per experiment, the SM case
can be distinguished from the CP even (CP odd) D5 couplings
with a statistical power of ∼ 5 (4.5) sigma, from the H → ττ
channels [3] alone. This observable is furthermore independent
of the particular decay channel and Higgs mass range. We
have explicitly checked the case of a 160 GeV Higgs boson
decaying to W pairs and find exactly the same features, shown
in Fig. 2. Note, however, that in this case decay distributions
will depend on the structure of the HWW vertex also.

2. Let us now examine the following scenario: a Higgs
candidate is found at the LHC with a predominantly Standard
Model gµν coupling. How sensitive will experiments be to any
additional D5 contribution?

For the CP odd D5 coupling we do not observe any inter-
ference term between the Standard Model and the D5 matrix
element. Although there is a non-zero contribution at the ma-
trix element level, any hadron collider observable is averaged
over charge conjugate processes since we cannot distinguish
quark from antiquark jets. As a result, interference effects can-
cel in typical hadronic differential cross sections. Using the
azimuthal angle distribution will only marginally enhance the
sensitivity to a small contribution of the CP odd Higgs coupling
beyond what a measurement of the Higgs production cross sec-
tion could give.

In the case of a contribution from a CP-even D5 opera-
tor, interference effects are important for the distortion of the
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Figure 3. Azimuthal jet angle distribution for the SM and inter-
ference with a CP even D5 coupling. The two curves for each sign of
the operator correspond to values σ/σSM = 0.04, 1.0. Error bars for
the signal and the dominant backgrounds correspond to an integrated
luminosity of 100 fb−1 per experiment, distributed over 6 bins, and
are statistical only.

φjj distribution. All additional terms in the squared ampli-
tude |M|2 = |MSM + Me,5|2 have an approximate zero at
∆φjj = π/2, according to Eq.(5). Moreover, the dominant
piece of the anomalous amplitude changes sign at this approx-
imate zero which results in a sign change of the interference
term at π/2. Fig. 3 shows that, dependent on the sign of the
D5 operator, the maximum of the distribution is shifted to large
or small angles ∆φjj. Results are shown for two different val-
ues of the scale Λ5 which are chosen such that the D5 operator
alone, without a SM contribution, would produce a Higgs pro-
duction cross section, σ, which equals 0.04 (1.0) of the SM
cross section, σSM. While changes in cross sections of a few
percent are most likely beyond the reach of any LHC count-
ing experiment, we see that in the differential cross section the
effect of D5 operators is quite significant [17].

To quantify this effect and at the same time minimize sys-
tematic errors we define the asymmetry

Aφ =
σ(∆φjj < π/2) − σ(∆φjj > π/2)

σ(∆φjj < π/2) + σ(∆φjj > π/2)
. (6)

One major source of systematic uncertainty will be the gluon
fusion induced H + 2 jets background, which in the large
top mass limit is proportional to the CP even D5 operator
HGµνGµν . At the amplitude level, this operator induces the
same azimuthal angle dependence of the two jets as the CP even
operator of Eq. (2). However, since it contributes to H + 2 jets
via t-channel gluon (color octet) exchange, it cannot interfere
with WBF. This gluon fusion contribution can exceed O(10%)
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Figure 8: Normalized correlations between the two tagging jets in WBF production of a heavy resonance X. We show
the di↵erence in the azimuthal angle ��jj and the rapidity di↵erence �⌘jj . The spin-0, spin-1, spin-2 interaction
structures are described in Tab. I: 0+

SM

(red), 0+

D5

(blue dashed), 0�
D5

(green dotted); 1+

Z (blue), 1+

W (blue dashed), 1�Z
(green), 1�W (green dashed); 2+

EW

(black), 2+

EW+q

(black dashed). For the spin-2 case we also show the distributions after
requiring pmax

T = 100 GeV (right panels).

In the upper panels of Fig. 8 we show the ��jj distributions for the nine di↵erent couplings listed in Tab. I.
There are essentially four di↵erent patterns in the left three panels: a flat ��jj behavior (0+

SM

, 1+

W ,2+

EW

), a
back-to-back peak at ��jj ⇠ ⇡ (0+

D5

, 2+

EW+q

), a preferred angle around ⇡/2 (0�
D5

, 1+

Z ), and preferably aligned

tagging jets ��jj ⇠ 0 (1�
W,Z). Due to the absence of the longitudinal amplitude for the 0�

D5

operator we know

that its distribution follows a 1� cos 2��jj modulation. On the other hand, 0+

D5

follows a cos ��jj shape from
the interference between the transverse and longitudinal amplitudes [12].

The issue with the proper definition of the spin-2 couplings also appears in this azimuthal observable. First,
the distributions without (2+

EW

) and with (2+

EW+q

) a coupling to quarks have little in common. Secondly,
removing the high-energy tale of the jet momenta requiring Eq.(20) strongly a↵ects the full spin-2 distribution
2+

EW+q

, changing it from distinctively peaked at ��jj = ⇡ to essentially identical to the Standard Model Higgs

scalar 0+

SM

. This is a general feature which we can trace back to the helicities probed by the spin-2 amplitude:
once we limit it to relatively small energies of external particles it probes exactly the same helicity structure
as the spin-0 Standard Model operator [12].

In the lower panels of Fig. 8 we show the rapidity di↵erence �⌘jj between the two tagging jets. In the
standard WBF analyses we require �⌘jj > 4.2, cutting away most of the spin-1 and spin-2 events and keeping
mostly the Standard Model Higgs 0+

SM

events. Skipping this cut we see that there are three distinct groups
of curves, with maxima around �⌘jj ⇠ 2 (2+

EW

), �⌘jj ⇠ 4 (0±
D5

, 1±
V , 2+

EW+q

), and �⌘jj ⇠ 5.5 (0+

SM

). Asking

for tagging jets with limited energy, Eq.(20), turns both spin-2 distributions into an exact copy of the 0+

SM

predictions. In this case only two distinctly di↵erent patterns survive, SM-Higgs-like and slightly less forward.
These rapidity di↵erences are strongly correlated with the tagging jet rapidities shows in Fig. 7. Only very

little information remains in the additional observation of ⌘j,1 once we exploit �⌘jj . This is an e↵ect of the
WBF ansatz we are using for all resonances hypotheses — if any of the processes under consideration included
a mixed quark-gluon initial state the boost from the laboratory frame to the center-of-mass frame of the two
tagging jets might well turn out useful.

The main advantage of the two observables discussed in this section is that they do not require the recon-
struction of the heavy resonance. In Sec. IV E we will compare the two observables ��jj and �⌘jj in their
distinguishing power testing some spin-0 and spin-2 coupling structures. A complete set of distributions can be
found in Fig. 15 in the Appendix. As expected, the study of decay independent jet correlations is a very useful
starting point for a ‘Higgs’ coupling analysis [11]. However, the predictions from a spin-2 model have to be
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Figure 12: Confidence level for the distinction of di↵erent spin-0 coupling structures as a function of the integrated
luminosity. We assume statistical uncertainties only for the WBF signal in the absence of backgrounds. The plot-
ted confidence level refers to exclusion of the SM WBF component. The cross section normalization is 2.8 fb which
corresponds to a good ⌧ reconstruction in the purely leptonic channels (see [19]).

di↵erence. Finally, we study the most relevant observables to identify a 2+ resonance without a constraint on
the high-energy tails of the jet momenta. As before, the rapidity di↵erence of the tagging jets is the most
powerful. These results are a direct consequence of the high discriminative power of the �⌘jj distribution
shown in Fig. 8, where all the alternative couplings tested in this section peak around �⌘jj ⇠ 4, compared to
the Standard Model 0+

SM

case with �⌘jj ⇠ 5.5. For spin-2 identification adding information from the heavy
resonance or its decays implies a significant improvement [12]. Our results for the best-suited distribution
reflects the setup of the likelihood test: the required luminosity is dominated by those bins which show a large
ratio of events between the two di↵erent hypotheses.

Going beyond our idealized setup, these jet-jet observables di↵er when it comes to detector and QCD e↵ects,
e.g. pile-up suppression is a function of rapidity. Furthermore it is well-known that ��jj acts as good
measurement quantity to extract mixed CP properties [20]. Such an angular correlation is insu�ciently reflected
in the rapidity di↵erence. This way ��jj remains a well-suited observable to test more complex CP properties
in WBF Higgs production, while a wide operator spectroscopy preferably relies on the leading observable �⌘jj .

V. ZH PRODUCTION

The study of WBF kinematics with the di↵erent decay channels gives us a wide array of tests of the Higgs
coupling structures. However, fermions still only feature in one channel, namely X ! ⌧+⌧� decays. Once the
LHC runs at 14 TeV, another channel will become available to test the ‘Higgs’ couplings to fermions,

pp ! (Z ! `+`�)(X ! bb̄) . (22)

Independent of the use of modern Higgs finding methods [24] this channel will only be observable for boosted
Z and X decays. The kinematics of this process can be directly mapped onto the decay X ! ZZ, so the
Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles [13] are a natural choice for spin-sensitive observables. In
complete analogy to Eq.(2) we define

pZ⇤ = pZ + pX , pX = pb + p
¯b , pZ = p`� + p`+ . (23)

as well as the corresponding unit three-momenta p̂i in the Z⇤ and the Z, X rest frames. Similar to the original
angles defined in Sec. II A the Z⇤ in the s-channel will be o↵-shell, which does not prevent us from using it as
a reference frame. The basis of angles is then defined as

cos ✓b = p̂b1 · p̂Z

���
X

cos ✓` = p̂`� · p̂X

���
Z

cos ✓⇤ = p̂X · p̂
beam

���
Z⇤

cos �b = (p̂
beam

⇥ p̂Z) · (p̂Z ⇥ p̂b1)
���
X

cos �� = (p̂b ⇥ p̂
¯b) · (p̂`� ⇥ p̂`+)

���
Z⇤

. (24)

The signal distributions for the di↵erent X hypotheses are generated with the rough acceptance cuts

pT,b � 20 GeV pT,` � 10 GeV �R � 0.4 |⌘b|  5 |⌘`|  2.5 , (25)
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FIG. 6: Event shape and Φjj distri-
butions for selection (i) and mX =
300 GeV.

our initial choice of the spin 2 hypotheses: 2+ is char-
acterized by soft radiation and therefore suitable to be
studied using event shape observables. We find broaden-
ing observables to provide the strongest statistical sen-
sitivity. However, while this model can be formidably
constrained using event shapes if pile-up is under suffi-
cient control, i.e., when the actual selection can be chosen
closer to (i), the discriminative power of the broadening
observables is severely reduced for selection (ii). On the
other hand, 2+ew+q which has a slightly harder spectrum
is robust in our comparison (i) vs (ii) and the event shape
observables provide a statistically appealing single-valued
discriminant.

III. SPIN DISCRIMINATION OF FUTURE
HIGGS-LIKE RESONANCES

Let us finally comment on the prospect of using the
methods of the previous section also in the context of spin
analyses of Higgs-like states that might be discovered in
the future with a heavier mass. This is not immediately
clear since the higher mass scale implies a different (soft)
radiation pattern. As a representative example we dis-
cuss mX ≃ 300 GeV.
In general we can expect relatively small couplings of

this additional state to the electroweak gauge bosons
Z and W , as current measurements seem to suggest
that unitarity cancellations, which characteristically de-
termine the couplings of additional massive scalars with
corresponding couplings, are saturated by the 125 GeV
state. The standard technique in X → ZZ [9, 52] might
hence not be applicable and an investigation of the X+2j
final state could well be the only phenomenologically
available channel to constrain the spin and CP structure

of such a discovery.
We consider these reasons as enough motivation to

limit ourselves for scalar boson candidates to the gluon
fusion channel Fig. 1 (a). For the spin 2 candidates we
will again adopt the scenarios of the previous section,
which will have quite different phenomenology as com-
pared to the mX = 125 GeV case.
For spin 1 candidates our above arguments constrain

the interactions of copies of the SM gauge bosons. The
phenomenology of a Kaluza-Klein excitation spectrum
as encountered in e.g. warped extra dimensions (and
their dual interpretation as vectorial and axial vector
resonances of a strongly-interacting sector) is therefore
heavily suppressed in the SM vector boson final states.
There is an exception to the unitarity argument which
are Z ′ZZ interactions as determined in the generalized
Landau Yang theorem [50]. The structure of the inter-
action vertices does not introduce an energy-dependent
unitarity violation and hence, is not constrained by cur-
rent measurements. We include this interaction to model
a WBF (Fig. 1 (b)) spin 1 candidate J(X) = 1−Z .
Gluon-fusion contributions for spin 1 degrees of free-

dom analogous to Fig. 1 (a) are more difficult to model.
Furry’s theorem [51] guarantees the exact cancellation of
vector current from JCP(X) = 1− hypothesis in gg → X .
Axial vector currents still have to obey the Landau Yang
theorem [4]. This renders an observation of prompt gluon
fusion impossible; on-shell production exactly vanishes
and gluon fusion becomes a function of the JCP(X) = 1+

particle’s width and the virtuality of the gluon. These
small effects are at odds with conventional bump searches
and leave gluon fusion, as depicted in Fig. 1 (a), as the
only production mechanism when such a state has sup-
pressed couplings to the SM Z’s (these couplings are
again determined by the generalized Landau Yang theo-
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angles

cos θ1 =
p(e+) · pX
√

p2(e+)p2
X

∣

∣

∣

∣

Z→e+e−
, (15)

cos θ∗ =
p(Z → e+e−) · b

√

p2(Z → e+e−)b2

∣

∣

∣

∣

X

, (16)

where . . . |R refers to the rest frame R in which the angle
is defined. pµ(X) = pµ(e+) + pµ(e−) + pµ(µ+) + pµ(µ−)
coincides in the on-shell region with the Higgs boson’s
rest frame, and b is an arbitrary three-vector along the
positive beam direction. As defined, cos θ∗ correlates the
production mechanism with the resonance’s decay prod-
ucts by projecting onto the beam-component of the 4-
lepton system. While cos θ∗ is known to be flat, cos θ1 is
sensitive to the CP properties of the Higgs boson when
produced in the on-shell region, see Figs. 8 and Ref. [49].
As can be seen, on top of a cross section increase due to
the higher dimensional operator structure [19], there is
complementary information in the spin/CP observables.5

V. OFF-SHELL MEASUREMENTS IN WEAK

BOSON FUSION

The potentially unknown loop contributions that can
decorrelate the on-shell and off-shell region in gluon fu-
sion are not present in weak boson fusion, assuming in-
deed a CP even SM-like Higgs boson. In these chan-
nels, the method of Ref. [11] becomes largely model-
independent except for a potential asymmetric deviation
of the WWh and ZZh couplings. This directly links to
the T parameter and a deviation at tree level is expected
to be small.
Furthermore, the weak boson fusion topology allows

to suppress gluon fusion contributions using forward tag-
ging jets in opposite detector hemispheres with large in-
variant mass and rapidity gap [50]. By imposing an ad-
ditional central jet veto [51], the gluon fusion events are
almost entirely removed from the sample [52] and the im-
pact on a correlation of the on- and off-shell regions will
be unaffected by unknown physics beyond the SM as a
consequence.
In Fig. 9, we show the result of such an analysis at

NLO QCD [24, 53] (we choose a common rescaling of
gZZh and gWWh to achieve µ ≃ 1 in the on-peak region).
The selection cuts are identical to CMS’ choice for the
Z reconstruction and lepton selection. We lower the 4ℓ
mass cut to m(4ℓ) ≥ 130 GeV to increase the statistics as
much as possible. In addition, we employ typical WBF

5Not included in Fig. 8 is the WBF contribution that can give rise
to an additional ∼ 10% effect. We have checked the angular distri-
butions with a modified version of Vbfnlo and find no significant
impact on the quoted results.
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FIG. 9: Weak boson fusion analysis of the off-shell measure-
ment of Ref. [11]. We apply hard weak boson fusion cuts to
suppress a pollution from gluon fusion and include the statis-
tical error based on a measurement with 600/fb. For details
see text.

cuts [50, 51, 53] as outlined above

pT (j) > 20 GeV, ∆R(jj) ≥ 0.6, |yj | < 4.5,

∆y(jj) ≥ 4.5, yj1 × yj2 < 0, m(jj) ≥ 800 GeV , (17)

and a jet veto

|yvetoj | < 2.5, pvetoT (j) > 50 GeV, ∆y(jvetoj) > 0.3 .
(18)

The leptons need to be well separated from the jets
∆R(ℓj) ≥ 0.6 and need to fall inside the tagging jets’
rapidity gap. We furthermore reject events with m(4ℓ) >
2 TeV to avoid picking up sensitivity from the region of
phase space where the off-shell modification probes the
unitarity-violating regime.
Obviously, when performed in the WBF channel (our

reasoning also applies to the WW channel), we observe
a similar behaviour, however, at a much smaller cross
section σ(WBF) ≃ 0.04 fb at 14 TeV (already summed
over light lepton flavours ℓ = e, µ) [24]. Nonetheless such
a measurement can be used to obtain a fairly model-
independent measurement of the total Higgs width fol-
lowing [11] at large integrated luminosity, especially when
statistically independent information frommultiple WBF
channels is combined.

VI. SUMMARY AND CONCLUSIONS

After the Higgs discovery with a mass of mh ≃
125 GeV and TeV scale naturalness under siege, the to-
tal Higgs width is one of the most sensitive parameters
to light physics beyond the standard model with a re-
lation to the electroweak scale. A model-independent
constraint on Γh would have a huge impact on BSM
physics. Correlating on- and off-shell Higgs production

250 GeV ILC

!
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2

ticles in H ! V V, V = Z, W±, especially because the
H±±W⌥W⌥ coupling can be enhanced in comparison
to HW+W� due to the model’s triplet character. Fur-
thermore, Ref. [25], which reports a SUSY search em-
ploying the 7 TeV 4.98 fb�1 data set, comprises signal
regions with relatively small HT � 80 GeV (compen-
sated with a larger missing energy requirement) which
can be exploited to formulate constraints on the triplet
model. This will be the focus of Sec. III. Subsequently,
in Sec. III A, we demonstrate that a slight modification
of the search strategy of Ref. [25] is su�cient to obtain
superior constraints on the triplet model even for a pes-
simistic estimate of reducible backgrounds and other un-
certainties. We also discuss in how far these estimates
can be improved by including the 8 TeV data set. In
Sec. IV we discuss an analysis on the basis of a WBF se-
lection at

p
s = 14 TeV center-of-mass energy, which will

yield strong constraints on the triplet models’ parameter
space.

As we will argue, the results of these sections are not
specific to a particular triplet model and largely gener-
alize to any model with Higgs triplets. Since the tree-
level custodial symmetry preserving implementation of
Higgs triplets exhibits a richer phenomenology, we specif-
ically analyze the impact of the described searches in
the context of the Georgi-Machacek (GM) model [11]
(which we quickly review in Sec. II to make this work
self-contained). In particular, we input the direct search
constraints for doubly charged scalars into a global scan
of the electroweak properties, also taking into account
EWPD. We give our summary in Sec. VI.

II. A CONSISTENT MODEL OF HIGGS
TRIPLETS

The Georgi Machacek model [11] is a tree-level custo-
dial isospin-conserving implementation of Higgs triplets
based on scalar content
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FIG. 1: Sample weak boson fusion diagram involved in the
production of H±±. We do not show the H±± decay. By
crossing one of the up-flavor quarks to the final state and
the non-connected down-flavor to the initial we recover the
Drell-Yan-type production modes.

� is a SM-like Higgs doublet necessary for introducing
fermion masses, and ⌅ combines the complex (�1, �2, �3)
and real (⇠1, ⇠2,�⇠⇤1) triplets such that an additional
SU(2)R can act in the usual fashion (⌅ ! UL⌅U†

R and
� ! ŨL�Ũ†

R) leaving custodial isospin unbroken af-
ter � and ⌅ obtain vacuum expectation values (vevs)
h⌅i = v⌅ , h�i = v� .

For the purpose of this paper we choose a Higgs sector
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This choice reflects the properties of the Higgs triplet
model in a simplified way [11] and can be motivated from
imposing a Z2 symmetry [12].

D2, D3 are the gauge-covariant derivatives in the
SU(2)L doublet and triplet representations. Hypercharge
U(1)Y is embedded into SU(2)R as in the SM, the su(2)
generators in the triplet representation are
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The masses of the electroweak bosons mW , mZ after
symmetry breaking follow from the sum of the Higgs
fields’ vevs, constraining

(246 GeV)2 = v2
� + 8v2

⌅ . (4)

Defining the mixing angles
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vSM
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sin ✓H =: sH =
2
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vSM
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turns out to be useful. Since custodial isospin is pre-
served, in the unitary gauge the Higgs masses group into
two singlets, one triplet and one quintet (the quintet in-
cludes our doubly charge scalar H±±

5 , which we will in-
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(a) Higgs to diphoton branching ratio enhanced:
1.3  ⇠H!��  2.3

(b) Higgs to diphoton branching ratio SM-like:
0.8  ⇠H!��  1.2

FIG. 7: Exclusion yield of the searches described in the previous sections when included to a model scan over the Georgi-
Machacek model. The parameter points are consistent with electroweak precision measurements, current direct LHC and
LEP constraints, and reproduce the signal strength of the measured Higgs boson in the observed weak boson decay channels
H ! W+W�, ZZ. The dotted contours represent the expected exclusion, the green and yellow regions reflect the ±1,±2
sigma uncertainty bands. The contours are, from top to bottom, the eight channel CMS SUSY search described in Sec. III,
the adapted 7 TeV WBF search described in Sec. III A (both 4.98 fb�1 luminosity) and the fully di↵erential search at 14 TeV
center of mass energy of Sec. IV (600 fb�1 luminosity).

Before showing the results, we summarize the infor-
mation included in the two sets of points we will use in
the following. We list here only the aspects which are
relevant for the present work, and we refer the reader to
Ref. [8] for a detailed explanation of how these results
were obtained:

Direct ATLAS, CMS: The points that we consider corre-
spond to scenarios where the H 0

0 scalar is the observed
Higgs boson. Therefore we restrict to the case where
the other singlet H0 is heavier, and we require that
neither H0 nor H0

3 violate the LHC exclusion limits
on scalar production. This case has been discussed in
Ref. [8] in detail.

Consistency with 125 GeV signal: We require that the
tree-level couplings of H 0

0 with fermions and gauge
bosons, and the loop-induced coupling with gluons,
are such that H 0

0 reproduce the observed total sig-
nal strength as well as the individual signal strengths
for WW (⇠H!WW ) and �� (⇠H!��) decays. In par-
ticular, at this level we distinguish among a scenario
where we have room to reproduce an excess in the
photonic branching ratio and another where signal
strengths agree with the SM values within 20%. For
further details on the scan we refer the reader to
Ref. [8].

Oblique corrections: In our previous study we have also
taken into account constraints from electroweak pre-
cision measurements. In particular we studied both
cases where the T parameter is used or not, since at
one-loop the radiative corrections are not unambigu-
ously defined. In this work we have decided not to

consider this subtle but important issue, which we
instead discussed at length in Ref. [8]: therefore we
used the sets of points labelled in our previous paper
as “S. param included”, i.e. the results obtained here
are independent of any T parameter constraint or fine
tuning [27].

Non-oblique corrections (Zbb̄): In our previous work we
have not explicitly included constraints due to the
fermionic coupling of the custodial-triplet charged
states H±

3 . The presence of these states might change
significantly several observables involving b-quarks,
because of possibly large values for the H+

3 tb coupling.
One of the more important observables to look at is
Rb, defined as �(Z ! bb̄)/�(Z ! hadrons). Changes
in the SM value prediction of Rb induced by the GM
model have been computed in Ref. [42]. We have re-
produced these results, and checked that a large por-
tion of the points we will use in the following, that
were considered still allowed in our previous paper,
survive also the bounds from Z ! bb̄. ¶

¶ For the sake of completeness, we would like to point out that
recent results in the computation of 2-loop corrections for the
SM Zbb̄ coupling lead to sizeable e↵ects which have not been
taken into account in previous literature [44]. Including these ef-
fects goes however beyond the purpose of this study, although it
could be potentially relevant for constraints only due to non-
oblique corrections. We will however show that searches for
WBF-produced doubly charged states are very powerful as ex-
clusion tests for these models, and therefore our main results will
hold, regardless of the relative size of these loop e↵ects.

[Logan,  Roy `10]  
[Godfrey, Moats `10] 

[CE, Re, Spannowsky `13, `13]

!
[CE, Re, Spannowsky `13] 
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• duality-driven exotic searches by disentangling 
polarizations in WBF [Brehmer, Jaeckel, Plehn `14]

☛ non-resonant
• searches for higher-dimensional operators can 

show improved sensitivity to discriminate ggH 
and modified top-Yukawa interactions via GF

[Buschmann, CE, Goncalves, Plehn, Spannowsky `14]
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Figure 9: Expected exclusion regions at 95% CL after 300 fb�1 of data in the absence

of a signal. Note that these are results calculated at parton level and not including any

systematic uncertainties. In the right panel we show the same result including an additional

10% uncertainty on the Higgs production and decay rate.

Combination: In a next step, we estimate the sensitivity in the (aL, aT ) plane when

measuring these kinematical features. This will give us the parameter space which can be

probed during the upcoming LHC run. We generate a number of toy data samples based

on the Standard Model, representing an integrated luminosity of 300 fb�1. Each of these

toy data samples is compared to the samples based on our simple model. We determine the

significance of deviations in the Higgs cross section and the asymmetry A� by calculating

the probability density functions of these quantities for each parameter point of our simple

model. For the other kinematic observables discussed above, we measure the significance

of deviations by performing �2 tests on the normalized distributions. From these tests we

extract the median p-value. If it is below 0.05, the parameter point (aL, aT ) in question is

expected to be excluded at 95% CL in the absence of a signal. The results from certain

sets of observables are statistically independent and can be combined correspondingly.

In Table 2 we give the limits on the parameters aL and aT obtained using di↵erent

combinations of observables. In general, observables including the angular correlation

between the jets give stronger constraints than those based only on transverse momenta.

However, an analysis based only on the ��jj distribution or only on the asymmetry A�

leads to a binary ambiguity: there is a blind spot in the parameter space around the

parameters aL ⇡ 0.6, aT ⇡ 1.8. This region shows the same rate and angular correlation

between the jets as the Standard Model. Including the transverse jet momentum in the

analysis removes this ambiguity. All in all, a combination of the cross section with the

transverse momenta of the leading and subleading jet as well as the asymmetry A� yields

the strongest constraints on the parameters of our simple model.

In Figure 9 we show the expected exclusion regions for these observables. With an

integrated luminosity of 300 fb�1 they can be used to exclude most of the (aL, aT ) plane.
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VBF - new physics
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VBF - an appraisal with a twist

☛ VBF is a major phenomenological opportunity 
• completely non-QCD like, phenomenologically clean 
• direct probe of (non-)resonant electroweak physics 
• new resonant physics will necessarily show up if kinematically 

covered by the LHC and couplings are sufficiently large

☛ pheno opportunities link directly to major precision challenges 
• issues with ipso facto WBF tail analyses:                                                                               

“is new physics small?” or is “nature just unitary?” 
• VBF tests the foundations of EWSB →  EW corrections are sizable 

and necessarily model-dependent: How much can we eventually 
trust EFT bounds?


