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CMS: Compact Muon Solenoid
(Large Hadron Collider - CERN, Geneve)
General purpose experiment
• Higgs physics, Standard Model precision measurements, physics beyond

the Standard Model...
• currently collecting

√
s = 13 TeV proton-proton collisions

• each subdetector is dedicated to a different task
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Why is a trigger system needed?
The number of events for a given process is given by its cross section and
the luminosity

Nevt =

ˆ
σL dt

• σpp ∼ 70 mb
• the cross section of

interesting
processes is much
lower!
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Theory prediction

High luminosity compensates low cross section
• currently L goes up to 2.4·1034 cm−2s−1

• but which events are interesting?
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The CMS Trigger System

Storing everything is not sustainable:
• bunch crossing rate: ∼40 MHz

• sustainable event output rate: ∼1 kHz
• data storage throughput rate: ∼3 Gb/s

Two-level trigger to make a fast selection:
• Level-1 Trigger
• only calorimeters and muon chambers,

only∼3.8 µs to take a decision
• High Level Trigger
• exploits the full detector information,

takes a decision in∼ 200 ms

L1

HLT

~40 MHz

~100 kHz

~1 kHz

Data storage and  
full reconstruction
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A trigger for the Vector Boson Fusion process

g-g Fusion: dominant process,∼50 pb
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Vector Boson Fusion: ∼4 pb
∼10% of the total Higgs boson
production

• The signature of the process is
very characteristic
• excellent signal to

background ratio
• The VBF category is one of the

most sensitive for H→ ττ

SM
σ/σ = µBest fit 
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0-jet
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The VBF process

the Higgs boson
decay products are
usually in the
central region of
the detector

within the p-p interaction, the involved
quarks can emit vector bosons, losing a small
amount of their longitudinal energy

the hadronization of a quark or gluon results
in jets (tens of particles collimated in the
direction of the original quark/gluon): the
VBF jet pair has large invariant mass and
large angular separation
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VBF H→ γγ event
candidate

forward jets (VBF)

central photons
(from Higgs decay)



The VBF trigger strategy

The usual trigger
strategies target the
decay mode, while in
this case the selection
is specific for the
production mode

Recent upgrade of the L1 trigger system:
complex correlations (e.g. invariant mass) can
be computed
L1 trigger selection for VBF production:

• at least one jet with ET > X
• at least two jets with ET > Y
• in the collection of jets with ET > Y, at

least a pair with mjj > Z
The VBF trigger is meant to be a
complement to classic triggers
• e.g. the H→ ττ analysis relies on a

dedicated hadronic τ trigger, selecting τ

pairs with ET > 32 GeV
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Trigger optimisation
In order to choose the thresholds, two factors of merit are considered:
• high rate reduction in order to fit in the available L1 rate, shared with the

other L1 selections
• high efficiency because any event not selected at L1 is lost!
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Rate estimation
Rate estimated from the fraction of events that passed the selection with
each set of thresholds
• leading jet: ET > 110 GeV

• subleading jets: ET > 35 GeV, mjj > 620 GeV
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Comparison with τ-pair trigger

Is there some gain brought by using VBF and τ-pair trigger rather than
τ-pair trigger alone?
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In order to compare, realistic
analysis-like scenarios are
reproduced
• for each of the triggers, a

corresponding suitable offline
selection is chosen
• categories of events are defined
• the gain is estimated from the

event yield in each category
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Event yield gain
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Large event yield gain by extending the phase-space
coverage:
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Perspectives

• the VBF trigger is implemented in the L1 selection for 2017 data taking

• HLT level triggers developed on top of the VBF trigger are implemented
as well
• HLT VBF H→ ττ trigger dedicated to H→ ττ

• the H→ ττ was used as a physics benchmark, but the VBF trigger can be
valid also for other H decay channels
• it targets the production mode: for example it can be very useful for

H→invisible
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VBF HH production

VBF HH production cross section is∼ 2 fb at
√

s = 13 TeV
• can profit of VBF having a very characteristic signature
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Figure 2: Total cross sections at the NLO in QCD for the six largest HH production channels at pp colliders. The thickness of the lines
corresponds to the scale and PDF uncertainties added linearly.

scale and PDF uncertainties added linearly. More details
are available in table 1 for selected LHC energies, i.e., 8,
13 and 14 TeV. The first uncertainties (in percent) corre-
sponds to scale variation, while the second (only shown at
the NLO) to PDFs systematics. Several observations are in
order. Firstly, contrary to what happens in single-Higgs
production, the top-pair associated channel is the third-
largest starting at about

√
s =10 TeV, and becomes the

second-largest when c.m. energies approach
√
s =100 TeV.

Secondly, the theoretical uncertainties due to scale varia-
tions in the three most important processes (gluon-gluon
fusion, VBF, and tt̄ associated production) are sizably re-
duced by the inclusion of the NLO corrections. Thirdly,
the K-factor is always slightly larger than one, except for
gluon-gluon fusion where it is of order two, and for the top-
pair associated channel where it is smaller than one. Fi-
nally, PDF uncertainties are comparable to NLO scale un-
certainties, except in the case of gluon-gluon fusion, where
the latter are dominant. In the case of V HH and tjHH
production it is manifest that the standard procedure of
determining uncertainties due to missing higher orders by
varying the scales does not give a reliable estimate, as
NLO corrections for these processes are much larger than
the LO scale dependence band. This is due to two facts:
these processes are purely electro-weak processes at the
LO, and therefore the scale uncertainties are artificially
small; furthermore in the kinematic region probed by these

processes, the quark-gluon initiated channel which opens
up at the NLO can be important.

In fig. 3 we display total LO and NLO cross sections
for the six dominant HH production channels at the LHC
with

√
s =14 TeV, as a function of the self-interaction cou-

pling λ. The dashed (solid) lines and light- (dark-)colour
bands correspond to the LO (NLO) results and to the scale
and PDF uncertainties added linearly. The SM value of
the cross section corresponds to λ/λSM = 1. The sensi-
tivity of the total cross sections to the actual value of λ
depends in a non-trivial way on the relative couplings of
the Higgs to vector bosons and top quarks, and on the
kinematics in a way that is a difficult to predict a priori,
i.e., without an explicit calculation. The reduction of the
scale uncertainties that affect the gg → HH , VBF, and
tt̄HH rates, due to the inclusion of NLO corrections, and
pointed out in table 1 for the SM, is seen here also for
values of λ ̸= λSM.

We then plot typical distributions for all channels and
at the 14 TeV LHC, which we obtain by generating sam-
ples of events at parton level, which are then showered
with Pythia8 (solid) and HERWIG6 (dashes). Being
tiny at the 14 TeV LHC, we do not show the results for
single-top associated production. We present observables
at the NLO+PS accuracy in the main frames of the plots:
the transverse momentum of the hardest (softest) Higgs in
fig. 4 (fig. 5), and the transverse momentum (fig. 6) and the
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Figure 1. Tree-level Feynman diagrams contributing to Higgs pair production via VBF. In terms

of Eq. (2.2), the left, middle, and right diagrams scale with c2V , c2
V , and cV c3, respectively.

2.1 General parametrization of Higgs couplings

Following Ref. [4], we introduce a general parametrization of the couplings of a light Higgs-

like scalar h to the SM vector bosons and fermions. At energies much lower than the mass

scale of any new resonance, the theory is described by an e↵ective Lagrangian obtained by

making a derivative expansion. Under the request of custodial symmetry, the three NGBs

associated with electroweak symmetry breaking parametrize the coset SO(4)/SO(3) and

can be fitted into a 2 ⇥ 2 matrix

⌃ = ei�a⇡a/v , (2.1)

with v = 246GeV the Higgs vacuum expectation value. Assuming that the couplings of the

Higgs boson to SM fermions scale with their masses and do not violate flavor, the resulting

e↵ective Lagrangian in [4] can be parametrized as
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The parameters cV , c2V , c , c3, and c4 are in general arbitrary coe�cients, normalized so

that they equal 1 in the SM. The Higgs mass is fixed to be mh = 125 GeV [69].

As the notation in Eq. (2.2) indicates, the coe�cients cV , c2V , and c3 control the

strength of the hV V , hhV V and hhh couplings, respectively. The coe�cients c and

c4 instead a↵ect the couplings to fermions and the Higgs quartic self-interaction and are

thus not relevant for double Higgs production. In Fig. 1, we show the tree-level Feynman

diagrams, in the unitary gauge, that contribute to Higgs pair production in the vector-boson

fusion channel at hadron colliders. In terms of the general parametrization of Eq. (2.2),

the left, middle, and right diagrams scale with c2V , c2
V , and cV c3, respectively.
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• the VBF trigger was found to bring a large gain also in VBF HH→ bbττ
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Conclusions

• the VBF production mode is subdominant, but it has a very clean
signature

• the CMS L1 trigger system allows complex correlations between objects
to be computed
• many open possibilities: triggers can be analysis-targeted

• the VBF signature can be exploited starting from trigger level
• this is the first trigger targeting the production mode
• by using it as a complement of the classic triggers, the coverage of the

phase-space is expanded
• it brings a large event yield gain (∼58%) for VBF H→ ττ signal
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