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Motivation

¢ Higgs pair production is one of the most crucial processes for future LHC runs, since it allows to perform
stringent tests of our understanding of electroweak symmetry breaking

¢ In the SM, the dominant process is gluon fusion, with ~33 fb (~1.5 pb) at 14 TeV (100 TeV): direct sensitivity
to the Higgs trilinear coupling A3

¢ Higgs pair production in Vector-Boson Fusion is small in the SM: 2 fb (80 fb) at 14 TeV (100 TeV), yet
provides unique information on the hhVV coupling

¢ VBF Higgs pair production can be substantially enhanced in scenarios where electroweak symmetry
breaking is broken by new strong dynamics (like in composite Higgs models)
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Motivation

¢ Higgs pair production is one of the most crucial processes for future LHC runs, since it allows to perform
stringent tests of our understanding of electroweak symmetry breaking

¢ In the SM, the dominant process is gluon fusion, with ~33 fb (~1.5 pb) at 14 TeV (100 TeV): direct sensitivity
to the Higgs trilinear coupling A3

¢ Higgs pair production in Vector-Boson Fusion is small in the SM: 2 fb (80 fb) at 14 TeV (100 TeV), yet
provides unique information on the hhVV coupling

¢ VBF Higgs pair production can be substantially enhanced in scenarios where electroweak symmetry
breaking is broken by new strong dynamics (like in composite Higgs models)

¢ Closely related process to WW scattering

Unique direct sensitivity to the
hhVV coupling and thetheSM g
unitarization mechanism i
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otrong Double Higgs Pair production

¢ In composite Higgs models with new strong dynamics, the predictions for VBF Higgs pair production
at the hadron colliders can be substantially enhanced as compared to their SM values
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& In the SM, a=b=c=1
¢ The hVV coupling is constrained from single Higgs production up to O(10-20%)

¢ No model independent direct constraints available on the hhVV and hhh couplings yet
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otrong Double Higgs Pair production

¢ In composite Higgs models with new strong dynamics, the predictions for VBF Higgs pair production
at the hadron colliders can be substantially enhanced as compared to their SM values
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Scale-Invariant Resonance Tagging

M. Gouzevich, A. Oliveira, J. Rojo, R. Rosenfeld, G. Salam, V. Sanz
arXiv:1303.6636, JHEP 07 (2013) 148




Motivation for scale-invariant tagging

& Many BSM scenarios involve resonant pair production of heavy (SM and BSM) particles

¢ For example, let’s consider a generic production kinematics of the type

pp — X — 2 — 42

¢ Depending on the value of the mass ratio rm=Mx/2My different final state topologies arise
¢ For large rm the intermediate heavy particles Y will be highly boosted,

¢ For small rm the Y particles are produced close to rest, and the four decay particles z are well separated in
the detector: resolved regime

¢ Design a search strategy that efficiently explores simultaneously the whole ry range, and improves the
overall efficiency by including the intermediate mass regime

IJIJ —> ‘\" —:’ 2}— —;» _11 //*—,_

large rm: Boosted " small rv: Resolved

.
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Event Classification

¢ Generated events for X > 2Y > 4z with an in-house toy MC, interfaced to Pythia8 for
showering and hadronization

€At parton level, without cuts, the classification of the event topology, boosted, resolved or
intermediate, can be trivially obtained based on the number of jets

€ But at hadron level with realistic cuts such naive classification is not feasible
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Event Classification

¢ Use event classification based on the number of mass-drop substructure tags of leading two jets

¢ Boosted category: each MD tagged jet assumed to be a Y resonance candidate

> MD tags = 2 + yes Event assigned to
quality conditions boosted category
Event nol
Jet Clustering AKTO5 . Event assigned to
MDtags = | + y intermediate
quality conditions |=™> category
Mass Drop Tagger applied
to 2 hardest jets nol
MD tags = 0 + yes Event assigned to
i : iti »| resolved categor
quality conditions ategory

¢ Intermediate category: MD tagged jet first Y resonance, then pair the other two leading jets in event

¢ Resolved category: The two Y resonance candidates determined from dijet pairing that minimizes My difference
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Scale-invariant tagging

¢ Tagging efficiency independent of the value of the mass ratio (except hadron level small rw)

¢ Smooth interpolation between the boosted and resolved regimes

X>2Y>4/Z, Toy MC, Parton Level X >2Y >4Z, Toy MC, Hadron Level, LHC 8 TeV
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¢ At parton level the tagging efficiency in the boosted limit can be computed analytically

, 2 , .
chut‘ ) ] eXp(Ayliua_x) — ]-
1+ Yeut (—‘Xp(ﬁyma}c) +1

Egzltag = €2—tag (?'_;‘U’ > ]-) — (]- — ~ 0.40

Scale-invariant tagging: with a single analysis, explore simultaneously both the boosted and
resolved regimes, with a smooth interpolation for intermediate masses
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Scale-invariant tagging

¢ Tagging efficiency is also independent of the value of jet radius

¢ The relative classification of the events in the resolved, boosted and intermediate categories
depends on R, but the total tagging efficiency is reasonably R-independent

X=>2Y>4Z, Toy MC, Parton level X>2Y>4Z Toy MC, Hadron Level, LHC 8 TeV
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Scale-invariant tagging: with a single analysis, explore simultaneously both the boosted and
resolved regimes, with a smooth interpolation for intermediate masses

Radius-independent tagging: Results are resilient against choice of R
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Application to HH -> 4b

¢ Using the scale-invariant tagging, determined model-independent bounds on generic
resonances (for all masses) decaying into Higgs pairs

¢ Also obtained explicit bounds in the parameter space of Warped Extra Dimensions models

¢ Good sensitivity for all resonance masses, for resolved, boosted and semiboosted regimes

Graviton, 95% CL Exclusion Limits Radion, 95% CL Exclusion Limits
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Boosting Strong Higgs Pair
Production at the LHC

O. Bondu, R. Contino, A. Massironi and J. Rojo
in preparation

preliminary results in the Les Houches 2013 BSM report

Juan Rojo BOOST2014, UCL, 21/08/2014



Hvent Generation

¢ The low rates for Higgs pair production in VBF emphasize the need for final states with large branching
fractions: we use here the 4b2j and 2b2t2j final states.

¢ Signal events have been generated with MadGraph5_aMC@NLO, with the hhV, hhVV and hhh
couplings rescaled in a way that cv=c2y=c3=1 are the SM values

L

, —_ , xrvr/ -
Cvppyvhh Vo, CovenpvivVVE, Csknpnnhhh
¢ Analytical dependence of the cross-section in these parameters given by (R. Contino et al, arxiv:1309.7038)

C9

sl

o = cyosm (14 Adeyy, + Boey + Cloyy ey + DOZ,, + ESL) ey =1 —

ci, | cy
¢ Background events have been generated with Alpgen and MadGraph5

M 4b2j final state QCD multijet production of 4b2j and 2b4;j

M 2b2t2j final state: ttjj dominant background, 2b4j also relevant when light jets fake T leptons

¢ Signal and background parton level events are then showered and hadronized with Pythia8. Jet
clustering is performed using FastJet with the anti-kT algorithm with R=0.4

¢ Realistic b-tagging and t-tagging, including mistag rates, along the lines of ATLAS/CMS, has been
implemented.

& We have studied the results both at the LHC 14 TeV with 300 fb-1 and 3000 fb-! and at an FCC at 100 TeV
with 3000 fb-1
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Selection and analysis cuts

Our basic selection cuts, including the vector-boson fusion cuts to suppress background, are
prj = 25 GeV, pry > 25 GeV, pprr > 25 GeV
Basic acceptance cuts |77j| <45, "’7b| <925, ‘U‘r| <925
ARj;>04, ARy, >04, AR, >02,
VBF cuts mj; > 1000 GeV | Ayj; > 5.0.

Central jet veto Pri3 < 30 GeV if Njmin < 75,3 < 7)j,max

VBF tagging jets rapidity - Signal VBF tagging jets rapidity - Background
VBF HH VBF HH
0.18— 0.18— .

: o 1 : —4b2j QCD
0161~ <~ MCHMS 0.161 -.- 2b4j QCD
014 0.14f—
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Event rates at the LHC and beyond

LHC 14 TeV o(4b) (fb)  Ney(3ab™")
Standard Model 0.10 300
cy,cov.c3 = 1.0,0.0,1.0 2.45 7380
cy,cov.c3 = 1.0,2.0,1.0 1.59 477
cv,cov.c3 = 1.0,1.0,0.0 0.29 870
cy,cov.c3 = 1.0,1.0,3.0 0.27 810
MCHMS5 with & = 0.3 ¢y, coy, c3 = 0.84,0.40, 0.48 0.41 1230

& Cross-sections for the 4b final state after basic selection cuts

¢ Event rates very substantially enhanced when the hhVV coupling departs from its SM value: high

sensitivity to new strong BSM dynamics

¢ Large increase in events rates when going up to 100 TeV: greatly improved sensitivity

FCC 100 TeV a(4b) (fb)  Ney(10ab™")
Standard Model 4.53 45.3K
cy,cov.,c3 = 1.0,0.0,1.0 327 3.3M
cy.cov.c3 = 1.0,2.0,1.0 280 2.8M
cv.cov.c3 = 1.0.1.0.0.0 11.0 110K
cv.cov.c3 = 1.0,1.0,3.0 9.2 92K
MCHMS5 with € = 0.3 ¢y, cov. c3 = 0.84. 0.40, 0.48 30 300K




Analysis strategy

¢ To explore the complete range of SM and BSM scenarios we need to classify, on a event-by-event

basis, all possible signal topologies: boosted, semiboosted and resolved

& This can be achieved using scale-invariant resonance tagging

4b2j final state

Event

Jet Clustering AKTO04

Mass-Drop Tagger applied
to 2 hardest jets

2 MD tags
+ 2 b-tags

+ Higgs mass reco

nol

| MD tags
+ 3 b-tags
+ Higgs mass reco

nol

19 Juan Rojo

4 b-tags
+ Higgs mass reco

yes

yes

yes
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Event assigned to
boosted category

Event assigned to
semiboosted
category

Event assigned to
resolved category




Analysis strategy

¢ For mpp close to threshold, the resolved contribution dominates, while large mnn is the boosted regime

¢ At the LHC, resolved and boosted configurations similar, while at the FCC the boosted regime dominates

¢ Boosted techniques crucial since large mnn is the region more sensitive to new strong BSM dynamics
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Preliminary Results

¢ In the 4b final state, 14 TeV with 300 fb-!
(3000 fb!) the hhVV coupling can be
measured with good precision: ~25-30%
(10-15%)

¢ As expected, the precision on the Higgs
trilinear coupling is worse than in gg->hh
(since backgrounds dominate hh threshold
region)

¢ At the FCC, the hhVV coupling can be
pinned down with very high, few percent
precision

¢ We have included a 50% error in the
backgrounds, to account for theory and
experimental uncertainties

¢ Encouraging to begin to explore Higgs
pair-production in VBF already at the LHC
Run II!
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summary and outlook: HH VBF

¢ Higgs pair production in the vector-boson fusion channel provides unique information of the mechanism
underlying electroweak symmetry breaking

¢ Deviations from the SM value for the hhVV coupling induce large differences in event rates that grow
strongly with mpn , where the di-Higgs system is boosted and jet substructure techniques are required

¢ Preliminary results indicate that in the 4b2j final state we can probe at the LHC deviations in Czv as small
as 25-30% (10-15%) with 300 (3000) fb-!, while at the FCC we find few-percent accuracy

¢ Complementary constraints from the 2b2t2j final state, with smaller rates but with reduced backgrounds
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summary and outlook: scale-invariant tagging

¢ Top quark pair production is widely used in BSM searches
¢ Typically searches are separated into the boosted and fully resolved regimes

¢ It would be desirable to merge the two regimes into a common analysis, while improving the
overall efficiency by including the intermediate regime as well - Work in progress
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Extra Material



Scale-invariant tagging

¢ Tagging efficiency is also independent of the value of jet radius

¢ The relative classification of the events in the resolved, boosted and intermediate categories

depends on R, but the total tagging efficiency is reasonably R-independent

Resolved Boosted
X>2Y >4Z, Toy MC, Parton level, 0-Tag Sample X>2Y >4Z, Toy MC, Parton level, 2-Tag Sample
O.6L f 1] 06L |
- —R=0.3 i i I
05} -R=0.5 %E 05} %E
. [ R=08 : I
> r . > r .
2 0.4L —~ 2 0.4
.0 . k) B .
Q2 L mres i 9 B ]
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= L. 4 = - _
[ c
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A . < .
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4 R
Scale-invariant tagging: with a single analysis, explore simultaneously both the boosted and
resolved regimes, with a smooth interpolation for intermediate masses
Radius-independent tagging: Results are resilient against choice of R
\ J
25

Juan Rojo BOOST2014, UCL, 21/08/2014



Background rejection rates

¢ As the tagging efficiency, the background rejection rate is scale invariant: 10 for all masses

¢ The flat background rejection rate arises from a non-trivial combination of the contributions
from the boosted, resolved and intermediate jet tagging categories

Mistag probability
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Boosting the diHiggs final state

¢ The ratio of BSM/SM cross-sections grows strongly as a function of Mun

¢ Exploiting the hardness of the Mun distribution in composite Higgs models is the key to tame the
overwhelming QCD backgrounds, and requires the use of boosted jet techniques

VBF Higgs Pair Production in the 4b final state
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Scale-invariant tagging

2b2T12j
final state

Event

Jet Clustering AKT04

Mass-Drop Tagger applied
to hardest jet

| MD tags

+ | b-tags
+ 2 hadronic T
+ Higgs mass reco

no

A4
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2 b-tags
+ 2 hadronic T
+ Higgs mass reco

yes

yes

Event assigned to
boosted category

Event assigned to
resolved category
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