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The HH production

Unique probe of the Higgs mechanism

• allows measurement of the Higgs self-coupling λλλ

• it brings information on the shape of the Higgs potential

Non-resonant searches
Process predicted by the SM

BSM effects can result in anomalous
couplings (enhanced cross section)
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√
s =14 TeV LHC as a function of the

self-interaction coupling 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 values of the cross sections are obtained at λ/λSM = 1.
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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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HH decay channels
Dominant production mode: gluon Fusion (σHH ∼ 33 fb at 13 TeV)

bbbb
largest BR, large
QCD and tt
contamination

bbWW
large BR, large tt
contamination

            Roberto Salerno (LLR) - CMS-HH workshop - Université catholique de Louvain - 8/12/201641

Which final state?

13

           Luca Cadamuro (LLR)                                25/11/2016       HH review for ATLAS and CMS
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bb WW gg ττ ZZ γγ

γγ

ZZ

ττ

gg

WW

bb
鏃 hh production and decays are 

decoupled effects 
□ assume SM BRs in the analyses  

鏃 Require one h→bb or h→WW 
decay to keep BR sufficiently 
high 

鏃 Tradeoff between BR and 
background contamination in the 
choice of final state 
□ various channels are 

complementary 
□ different sensitivities in different 

mass ranges

4

BR hh→xxyy 
(mh = 125 GeV)

rarer
rarer

33.6%

0.26%

24.8%

7.3%

0.1%

How looking for HH?

bbbb 
large branching ratio,  
large QCD and tt bkg 

bbWW 
large branching ratio,  
large tt contamination

bbττ 
tradeoff between purity  
and branching ratio 

bbγγ 
high purity,  
low branching ratio 

Tradeoff between BR and background contamination! 

➡ various channels are complementary  
➡ different sensitivities in different mass ranges

bbττ
good compromise
between BR and
purity

bbγγ

low branching ratio,
high purity

• Trade-off between BR and purity
• coverage of different phase spaces
• different sensitivity in different mass ranges

All channels are complementary, a lot to gain by combining

Latest CMS bbττ results, data 2016, exp upper limit: 25×σSM PLB778(2018)
CMS Combination, data 2016, exp upper limit: 13×σSM CMS PAS HIG-17-030
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The Vector Boson Fusion production mode

VBF HH production cross section is∼ 2 fb at
√

s = 13 TeV
• in addition to λ3, can constrain λ2V (= λ2

V in the SM)
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of Eq. (2.2), the left, middle, and right diagrams scale with c2V , c2
V , and cV c3, respectively.
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Figure 9. Left panel: VBF di-Higgs cross-section, in units of the SM value, as a function of �c2V

(thick blue) and �c3 (thin red), after acceptance cuts (solid) and all analysis cuts (dashed). Right

panel: ratio of VBF di-Higgs cross section between 100 TeV and 14 TeV as a function of �c2V
.

compared to the HL-LHC. The results of Fig. 9 are of course consistent with the findings

of Table 3.

From Fig. 9, we also observe that the sensitivity of the signal on the Higgs trilinear

coupling c3 is relatively weak even for large variations and it is reduced by our analysis

strategy. As already mentioned, this latter feature is expected because the sensitivity to c3

comes from events near the di-Higgs threshold, mhh ' 2mh, which are removed by our cuts

due to the overwhelming backgrounds in that region. This weak dependence of the VBF

di-Higgs cross-section on c3, together with the large event rates for background after all

the analysis cuts (see Table 3), suggest that the VBF process is not suitable to extract the

Higgs self-coupling.

Let us now turn to discuss the background processes. As mentioned above and dis-

cussed in Appendix A, there are two types of processes that contribute to the final-state

signature under consideration. The first type are QCD processes and in particular multijet

and top-quark pair production in association with additional hard radiation. The second

is Higgs pair production in the gluon-gluon fusion channel in association with additional

jets, where the latter can mimic the VBF topology, as in single-Higgs production.

In the case of QCD multijet processes, it is important to account for the e↵ects of

both the 4b and the 2b2j backgrounds (where we label each process by its matrix-element

level content; as explained in Appendix A, additional jets are generated by the parton

shower). The latter process can lead to events being classified as signal when light jets

are misidentified as b-jets or when a gluon splits into a bb̄ pair during the parton shower.

Even with a small light jet mistag rate of O(1%), it can have a contribution to the total

background comparable to or bigger than the 4b process. Details on the generation of the

QCD backgrounds and on the associated validation tests are presented in Appendices A

and C.

Concerning gluon-fusion Higgs pair production in association with additional hard
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δ2V
δ3
VBF cuts

high sensitivity on λ2V: σ/σSM up
to 50 for |δ2V | ∼ 1
• δ = λ/λSM− 1
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VBF: challenges and strategy

• rare process: σggF ∼ 20×σVBF

• the acceptance on the VBF signal is limited by
the τ pT threshold mostly driven by trigger
requirements

• high ggF contamination
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ττbb→VBF HHSimulation 2016

threshold analysis 2016

new threshold

1 Exploit the VBF topology to expand the acceptance starting from the
trigger level – next slides

2 Design a VBF event category for the inclusive HH→ bbττ analysis
well advanced (not shown today)

3 Discriminate the VBF contribution from the ggF contamination
preliminary (not shown today)
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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: the VBF jet pair has large invariant
mass and large angular separation
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VBF L1 trigger strategy and performance

The usual trigger strategies
target the decay mode, while in
this case the selection is specific
for the production mode: using
it as a complement to the classic
triggers, the phase-space is
expanded and the sensitivity to
VBF is improved

L1 trigger selection for VBF production:

• at least one jet with ET > X
• at least two jets with ET > Y and

mjj > Z
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The L1 VBF trigger is online since 2017 and VBF HH→ bbττ HLT paths are built on top of it.
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Conclusion

Higgs production pair searches are performed in different channels

The Vector Boson Fusion production mode, unexplored in the bbττ
analyses until now, can bring additional information to test the Higgs
mechanism

A VBF HH→ bbττ strategy is being defined
• Major challenge: extremely rare process
• I designed a VBF dedicated trigger algorithm, online since 2017, to

enhance the signal event yield
• The next HH→ bbττ analysis (data >= 2017) will include a VBF

category
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